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AFIT/GA/EN Y/93 M-01

Abstract

The purpose of this thesis was to determine (both experimentally and analytically)

the initiation and progression of failure, stress-strain response, and the failure loads of

Graph ite/Polyetheretherketone (Gr/PEEK) laminates, incorporating a 0.5" ci.:cular

discontinuity, loaded in axial compression at room temperature. The ply lay-ups of t"ese

specimens were [00161, 1900161, _±45 014S, [0° 0/Ia4S, and [00/±450/900 12S. The

specimens were loaded using a Boeing Open Hole Compression fixture. The specimcins

were tested and then evaluated using a Scanning Electron Microscope to locate any

micromechanical failure characteristics. In addition, specimens of each lay-up werc

loaded to 90% and 95% of their expected ultimate strength and were then scanned using

ultrasounic techniques to determine the progression of failure.

Analytically, a nonlinear material finite element program was used to predict the

initiation and progression of failure, stress-strain response, and the failhre loads of the

Gr/PEEK laminates. The specimens were modeled using a quarter symmetry mesh and

the load was applied in the form of constant displacement at the end nodes. The state of

strain within the meshes was plotted to determine the location of strain concentrations

and the corresponding stress concentrations. Finally, the "gross" stress states of the

Gr/PEEK laminates were considered in the analytical portion of the thesis.

In the experimentation, [900116, [00/90014S, and [O0 /±45 0 °]012s laminates, as

well as three of the [00 16, failed as the result of a crack that was normal to the loading

direction and initiated from the edge of the hole progressing to the outer edges of the

specimen. Scanning Electron Microscope images were taken of a representative sample

of the failed specimens. While there was evidence of micromechanical failures, there is

no indication of a dominate mode of failure of the composite. Ultrasonic imaging was

made of specimens that did not fail by a horizontal crack and of all specimens used in the

xi



progression of failure testing. The [±45°14S specimens failed internally due to a crack

that originated from the hole at the outer edge and then travelled at an angle of abotj -15%

to the direction of loading. The [01 t6 specimens the failed due to a vertical split showed

little or no indication that a horizontal crack was forming.

The experimental and analytical results were then compared. The initiation and

progression of failure and stress-strain response compared well for the 1±450 14s,

[0°/90°]4S, and [0°/±450/90 012S laminates. The value of the ultimate analytical stress is

of some debate. The curves modeled the sudden increase in strain that was observed to

precede the total failure of the composite in the experimental testing. The [i0 116

laminate failed in a catastrophic manner in the analytical portion of the thesis, but the

manner of the failure did not model either the vertical split or the horizontal crack that

was observed during the experimental testing. The [90"] 16 failed at a much higher

analytical load than was obtained during the experimental testing. There existed a Siight

change in the slope similar to the type that was experienced with each of the

multidirectional laminates occurring at a lower stress.

Overall the finite element method used to analytically model the failure of

Gr/PEEK did a good job of modeling the response of the specimens tested

experimentally. While there was no clear indication of where the analytical model failed

in compression, there is a portion of the stress-strain response which models the sudden

increase in strain that a specimen experiences experimentally before it fails. If this

characteristic is chosen as the point in which the analytical model fails then the ultimate

failure stress in the analysis agrees with the experimental ultimate stress by 5 to 25%,

depending on the laminate.

The use of Dr. Sandhu's Nonlinear Finite Element technique is superior to any

micromechanical methods used to determine the ultimate strength of the composite since

it incorporates the true time history of a composite and models the nonlinear material

characteristics of the composite material. Included within the material properties c tx cs

xii



are many of the different types of failure mechanisms that are present within the

specimens tested experimentally. For this reason and based on the results of this the,,I',

one can draw the conclusion that this type of analytical modeling using strain energy best

approximates the true failure characteristics of a nonlinear composite material system.

xiii



AN INVESTIGATION OF GRAPHITE PEEK COMPOSITE UNDER COMPRESSION

WITH A CENTRALLY LOCATED CIRCULAR DISCONTINUITY

I. Introduction

Composite materials have become the next major structural material of scientists

and engineers because of their low weight and high strength. Because of its use in many,

different applications, the ability to predict a composite's ultimate strength and its failure

characteristics are of the utmost importance.

Composites excel over conventional structural materials in their higher strength to

weight ratio, increased toughness, and higher stiffness to weight ratio. These

characteristics are extremely important in aircraft frames and space structures %,here large

increases in weight result in significant reduction in performance. The problem with

many composites is that they are extremely labor intensive and difficult to manufacture.

To make the manufacturing process easier ICI Fiberite developed the composite Graphite

Polyetheretherketone, Gr/PEEK, that has many advantages over existing thermoset

composites. These advantages include high impact toughness and damage tolerance:

rapid, automated, economical fabrication processes; excellent hot-wet performance; low

moisture absorption and excellent solvent resistance; superior tribiological properties:

outstanding fire resistance; and ease of repair [1].

A large body of research conducted on Gr/PEEK exists and includes the

investigation of Gr/PEEK under both tension and compression with a centrally located

cutout. Some of this research has discussed a need to include the nonlinear stress-strain

behavior of the materials in the evaluation of the composite. This research will

investigate the nonlinear properties of Gr/PEEK using the nonlinear finite element

program, PLNRS, and validate the results both with a complex variable analysis and

actual experimentation.
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A. Purpose

The purpose of this thesis is to determine (using both experimental and aluzytical

methods) the basic material properties of Gr/PEEK, the initiation and progression of

compressive failure, the stress-strain response of the material, and the ultimate failure

load of Gr/PEEK with a centrally located 0.5" circular cutout. The Gr/PEEK specimeN,,

were end loaded both analytically and experimentally with a Boeing Open Hole

Compression Apparatus, BSS-7260. The composite was loaded at room temperature.

The ply layups used for the investigation were 100161, [900161, 1±45o14s. and

[0o/±45o/900]2s.

The objectives of this study are to:

1) Investigate the initiation and progression of compressive failure and the

ultimate strength of each laminate. The final failure load will be predicted with finite

element techniques and the failure modes will be verified using ultrasonic analysis and

fractographic methods.

2) Determine the "gross" state of stress and strain that occurs within the various

layups.

3) Compare the experimental results with the analytical results. Further

correlation of results will be obtained with a complex variable point stress analysis

program developed by the author.

B. Backgn

Composite materials are almost as old as recorded history itself. The first major

composite material was developed by incorporating straw into mud to make bricks for

buildings. Laminated sheets of wood or plywood were used by the early Egyptians in

their construction of homes and temples [2]. In the modem age, reinforced concrete
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made possible the construction of the skyscraper and completely revolutionized the

building industry throughout the world. Using reinforced concrete buildings were

constructed to heights never possible with conventional masonry construction, due to the

dramatic increase in the strength to weight ratio. Now once again the use of "advanced

composite materials" has revolutionized all industries where the products are weight and

performance sensitive. Advanced composites have the advantages of a very high

strength, high modulus, and high stiffness due to the incorporation of fibers into a matrix

material. The composite can be made of ceramics, metals, or plastics.

The ability of a composite to be tailored to a specific loading condition makes it

ideal for use in the aerospace industry. Composite components are used in many types of

aircraft including the F-16 Fighting Falcon, F-15 Strike Eagle, and the F-I ll Aardvark.

The best known use of composites in aerospace is the F-117A Stealth fighter and the B-2

Stealth bomber. These aircrafts sre constructed of composites to make maximum use of

their high strength and low radar visibility. The use of composites is not restricted to

aircraft. In NASA's design for the Space Station Freedom, composite materials will be

used in the racks needed to hold experimental equipment. Their incorporation into the

design will save thousands of dollars in payload costs [31. Composites have also been

used in the sporting goods industry. Composites were used extensively by many nations

during the 1992 Summer Olympics in Barcelona, Spain. Athletic equipment

manufactured with composite materials is much lighter and higher in strength :han

conventional equipment, giving an athlete that slight advantage that would be needed to

win [4].

Composite components are connected to other components with the use of

adhesive bonds, mechanical fasteners, or a combination of both. With the use of

mechanical fasteners, holes must be introduced between the components which

necessitates the ability to predict correctly the stress distribution around the hole from

normal service loads. The ability to predict this stress distribution is of critical
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importance because a hole can fail when the stress concentration around it exceeds the

ultimate strength of the composite. This failure could be one of the types shown in

Figure 1-1 [51. To predict these stresses both experimental and analytical methods can be

A. BEARING B. NET TENSION

C. SHEAR OU'I ). CLEAVAGE

Figure 1-1: Types of Failures Around Holes

used. Analytical methods are preferable because of the of time and cost savings.

Unfortunately, it is very difficult to predict a composite's strength analytically because ot

the mathematics involved and the uncertainties that exist. Compressive failure is even

more difficult to predict because of the many types of uncertainties that can arise in

compression.

There are currently two techniques used to predict the state of stress and the

ultimate strength of a composite. The first is the fracture mechanics approach and the

second is the finite element approach. Both methods are used extensively in the existing

literature for the testing of Gr/PEEK specimens in both tension and compression.

Because so many techniques now exist there is truly no accepted way to predict the

strength of Gr/PEEK using analytical methods.
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A comprehensive review of analytical fracture mechanics methods was published

by Awerbuch in 1985. This study investigated the mechanics of metal-metal compoitc,

and thernoset composites. At the time of the study Gr/PEEK was just comingz into use

throughout the industry and only a cursory glance was given to it by Awerbuck. He

concluded from the review that there are serious questions raised as to the applicability of

classical fracture mechanics to composite materials. This problem centers around the fact

that semi-empirical fracture mechanics models do not address the micromechanical and

macromechanical factors that can be associated with the extension of a crack within the

composite. In addition, many of these models make use of correlation factors that are

usually derived from experimental results specific to a type of composite and are

frequently subject to question [6].

In this investigation a nonlinear finite element program, PLNRS, developed by

Dr. R. S. Sandhu of Wright Laboratories, Wright-Patterson AFB, Ohio was used for the

analytical portion. Because of the non-linearity of Gr/PF -K laminates, the stress-strain

response was modeled with the use of a piece-wise cubic spline interpolation function.

These functions are applicable to this type of usage since they maintain continuity over

the first derivative and provide a smooth surface over the entire length of the curve.

Because the material is not isotropic, its response to tension will not be the same as its

response to compression and Dr. Sandhu's method does an extremely good job of

modeling these differences [7,8].

The finite element programs will also be used to model the progression of failure

from its initiation to the final ultimate strength of the composite. Existing fracture

mechanics methods do not allow for this load-history response picture and thus can only

be used to check the finite element results. The geometry of the specimen and the

boundary conditions it is subjected to can be modeled fairly well using the finite element

technique. The analytical portion of this thesis will be discussed in detail in Chapter I11.
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In addition to the analytical study, experiments were conducted to verify the

stress-strain response, the initiation and progression of failure, the "gross" state of stress

for the laminates, and the ultimate failure loads of the composites. The experimental

portion of this study will be described in Chapter IV.

Finally, a comparison of the results will be addressed in Chapter V and

conclusions that can be drawn from this thesis will be presented in Chapter VI.
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I. Theory

This thesis will make use of the following theories: mechanics of composite

materials, linear finite element theory, nonlinear constitutive relationships, and strain

energy failure theory for composite laminates.

The mechanics of composite materials will include both micromechanics and macro-

mechanics, as well as a discussion of compressive mechanics. While the main interest of

this thesis is the macromechanical behavior of the laminates, it will take a look at the

micromechanical response as well. Compressive response is not as well understood as the

response to tension, and therefore some of the existing compressive failure criteria will be

discussed.

This investigation uses a finite element program that incorporates the nonlinear

nature of the material, but much of the mathematics within the program is based on linear

finite element theory. For this reason, linear finite elemeat theory will be discussed so that

the complete nature of the program can be understood. The incorporation of the nonlinear

response of Gr/PEEK into the finite element code will be discussed. Finally, the failure

criteria and the various unloading options used within the code will be explained.

A. Mechanics of Composite Materials

1) Micromechanical Behavior of Composite Materials.

Micromechanics is defined by R.M. Cook as:

The study of composite material behavior wherein the interaction of the
constituent materials (are) examined in detail as part of the definition of the
behavior of the heterogeneous composite material. [5]

Micromechanical behavior differs from macromechnical behavior where the composite

material is considered to be a homogeneous material or "smeared" in nature. What is
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important in micromechanics is pt,3perties of the fiber and matrix and what their individual

contribution is to supporting an imposed load.

Gr/PEEK is classified as an Aromatic Polymer Composite consisting of a

polyaromatic resin containing continuous l-ercules AS-4 fibers. The matrix is composed

of linear polymers that have been cross-linked. The composite is constructed in such a way

that the crystalline chains remain parallel throughout the consolidation process when the

composite is cooling down. The fiber-matrix interface is of critical importance since it is

required to support an applied load. In a composite, the matrix serves three major

purposes. First and foremost, it is what transfers the load from one fiber to surrounding

fibers. Second, the matrix provides stability to fibers when a load is applied. Finally, the

matrix serves to protect the fibers from environmental conditions that could degrade the

fibers as well as providing some protection against damaging loads, such as a dropped

wrench [9].

While this fiber-matrix interface is of critical importance to a composite, the fiber-

matrix interface in Gr/PEEK is not very well understood. Tension tests where the fibers

were pulled out of the matrix have shown that Gr/PEEK has a good fiber-matrix interface.

It was shown that those fibers still have some of the matrix adhering to the fiber surface.

This is an excellent indicator that there is a good fiber-matrix interface since when they

failed they failed as a unit. Tests have shown that this is the case in such loading

conditions as creep, impact, shear, fatigue, or tension and this has been one of the major

reasons Gr/PEEK was so quickly accepted by the composite materials industry. However,

many of the tests meant to determine why the fiber-matrix interface is so good have

produced strange and conflicting results. For this reason it is felt that to understand the

interface, the chemistry and morphology at the surface must be understood [10].

A typical fiber-matrix lamii'a construction is shown in Figure 2-1. While there are

other types of fiber matrix arrangements such as two dimensional weaves, three

2-2



dimensional weaves, and a random whiskers arrangement, only the unidirectional fiber

arrangement will be studied.

Matrix Materials

Figure 2-1: Typical Matrix-Fiber Construction

If a fiber fails, the matrix has the ability to transfer the load from the failed fiber to

the adjacent fibers. A possible depiction of this load transference is shown in Figure 2-2

[5). The load from the broken fiber is transferred to the adjacent fibers through the

resulting increase in shearing stresses within the matrix material. This fiber-matrix

interface is considered a weak link between the two components since environmental

conditions such as an increase in temperature or the introduction of chemicals like solvents

can cause the shear strength to decrease.

There are seven major material properties that will be used extensively during this

study. These properties are 00 tension modulus, E1 1i; the 00 compressive modulus; the

900 tension modulus, E2 2 ; the 900 compressive modulus; the shear modulus, G12 ; and the

Possions ratios in tension and compression, v12T and v12C, In micromechanical theory,

the most common way of computing these properties is to use the rule •f mixtures as

shown below [511:
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El =Ef*vf + Em*v (1)

where: Ef = the modulus of the fiber

vf = the Possions ratio of the fiber
Em = the modulus of the matrix

Vm = the Possions ratio of the matrix.

1.5 o

MATRIX

if 1"OO~NTIBER

-FIBER

- - BROKEN FIBER

MATRIX

Figure 2-2: Effects of a Broken Fiber

This method is used extensively when the properties of both materials are well

known, but it has very limited applicability to Gr/PEEK since the modulus of the matrix or

Em can vary over the history of an applied load. To get an accurate picture of the
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perfbn.i:nce of a nonlinear material, one would have to have a time history of the E1

modulus and recompute El at the various times in the loading process. Another

micromechanical method of calculating the strength of a composite material was proposed

by Fan and Knapp in 1987. Their approach used the Second Law of Thermodynamics to

derive the work from internal energy equations. From there, using Gauss's theorem, an

equation for the energy of the respective components was derived [ 111 . Once again the

final equations were predicated on the initial modulus of the components and would give a

higher than actual strength when analyzing a nonlinear matrix. Many of the

micromechanical theories suffer from the assumption that the initial modulus of a composite

material and its components are constant throughout their loading history, and thus co not

produce an accurate picture of the strength of nonlinear composites.

The nonlinear behavior of the matrix can be classified as a micromechanical

response. Many of the present approaches to composite mechanics, both micromechanical

and macromechanical, have chosen to ignore the nonlinear behavior of some composite

materials. There have been some attempts to incorporate this behavior and a quick

summary of these methods was conducted by Mahmound N. Nahas [ 121. One of the

theories for incorporating nonlinear material behavior was set forth by Petit and Waddoups.

This approach attempts to model the experimental material properties curves using a

corrector technique. The problem with this method is that it fails to accurately model the

curve. It also assumes that the failure of the lamina occurs when any other of the strain

components relative to the material axis reaches a limiting value established by

experimentation. This methods assumes that the strain along one axis is not influenced by

the presence of stresses along another axis, which is not the case. The resulting failure

stresses predicted by this method are higher that the actual failure stress.

The second method was proposed by Hahn and Tsai and attempts to model the

nonlinear behavior of the material with the use of the equation shown:
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6=S66o'6+S666606 3(2)

where E6 = shear strain

U6 = shear stress
$66 = compliance term
$6666 = nonlinearity constant.

While many composites display nonlinear behavior in shear tests, some composites,

including GrlPEEK, display nonlinear behavior in other loading directions [ 131. This

makes the Hahn-Tsai approach ineffective since the actual strain conditions are not

accurately -odeled.

The nonlinear method used in ti., study was developed by Dr. R.S. Sandhu. This

method utilizes a piece-wise cubic-spline interpolation function to represent the stress-strain

response of a composite. In addition, the theory incorporates the premise that the stress

state of a composite is dependent on the stress-strain response in any other direction by the

use of an equivalent strain equation. This method will be discussed in depth in part C of

this section [7,81.

While the micromechanical approach is important for understanding exactly what a

composite's components are and how they interact, for the purposes of this thesis the

macromechanical approach will be used. Many of the micromechanical methods used in

predicting the ultimate strength of a composite will be discussed in the Compressive

Mechanics section of this chapter. While they are useful in some types of applications,

including providing the engineer a prediction of the ultimate strength of a composite

structure, they are not as accurate as Dr. Sandhu's method. Throughout this thesis the

author will illustrate why the macromechanical approach using Dr. Sandhu's program,

PLNRS, is better than the micromechanical approach.
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B. Macromechanical Behavior of Composite Materials

Macromechanical behavior is defined by R.M. Jones as:

The study of composite material behavior wherein the materials [are]
presumed honogenoua and the effects of the constituent materials are
detected only as averaged apparent properties of the composite. [5]

While a composite cannot be exactly represented by only one material, its response call he

well approximated with macromechanical methods. For this reason a composite is treated

as "smeared matter" with one set of material properties and the material is considered to be

anisotropic.

A composite laminate is composed of individual laminas bonded together to fonn a

single element. A composite is constructed so that it is able to resist loadii. g in more than

one direction, since unidirectional loading is a rather uncommon structural occurrence.

However, one of the problems with constructing a composite with multidirectional laminas

is that each lamina will respond differently to an applied load. Since all the laminas are

bonded together to form a laminate, the laminate will deform as a unit. This deformation

results in the creation of shear stresses between the laminas. These stresses, called

interlamina forces, will be dependent on the material properties of each lamina and will be

greatest at the edges of the structural member. If these interlamina forces exceed the

bonding strength between the laminas then delamination can occur resulting in the failure of

the composite structure. Both transverse and longitudinal stresses can contribute to the

interlamnina forces causing delamination to occur earlier in the loading.

For the purpose of this macromechanical approach, linear elasticity is assumed.

Because the nonlinear behavior of Gr/PEEK is modeled incrementally, it is acceptable to

utilize a macromechanical approach [141. In linear elastic theory, the basic principle that is

utilized is Hooke's Law:

Ti=Cij 19 ij=l,2,...,6 (3)
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where Gi = stress
Ci= stiffness term

ej= strain.

In order to simplify the equation writing in this thesis a contracted notation similar to that

utilized by Jones and others will be utilized. The contracted notation is shown below 151:

TENSOR NOTATION CONTRACTED NOTATION
(111 01

o 2 2  02

066 03

T26 J4

"t61 Y05

"t12 oG6

e22 £2

e33 E3

726=2E23 F-4

Y61 =2E61 E5

Y12=2F-12 C6

where ij= engineering shearing strain

=ij tensorial shearing stress.

Using linear elastic theory we can represent the strain-displacement relationship in

contracted notation as:

aw av a~w
C1 = F-2 = E3 = -Z (4)

av aw aw av av au
26 =-z ay 163= x z a16 =x + Yy
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where u,v,w represent displacements in the x,y,z directions respectively.

Representing Hooke's Law in matrix form, we have a stiffness matrix (Ci.) which consists

of 36 constants. This matrix is a real symmetric matrix so only 21 of the 36 constants are

independent. The stress-strain relationship for an anisotropic material in real symmetric

form can be written as:

1 I 1  C 1 2  C 1 3  C 1 4  C 1 5  C 1 6

02 C 2 1  C22 C23 C2 4 C2 5  C2 6  E2

03 C3 1  C32 C3 3  C34 C35 C 3 6  E3

"04 C41 C4 2 C4 3  C44 C45 C46 C4 (5)

15 C5 1  C52 C5 3  C5 4  C55 C56 C5

6 LC 6 1  C6 2  C6 3  C64 C65 C66 - I

This equation is the most general form of the stress-strain relationship for an anisotropic

material with planes of material symmetry. However, in a composite material there are

usually at least two planes of symmetry. In orthotropic materials there are three orthogonal

planes of symmetry. This simplifies equation (5) into the form:

0 Cll C 1 2  C 1 3  0 £1

02 C2 1  C22 C23 0 0 0 C2

3 C3 1  C3 2 C3 3  0 0 0 E3
04 0 0 0 C44 0 0 £4 (6)

5 0 0 0 0 C55 0 E5
- 0 0 0 0 0 C6 6

Y6 46
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This reduces the number of independent constants from 21 to 9 and shows a decoupli[g of

the shearing stresses from the normal strains and the normal stresses from the shearing

strains.

I look,'. I.,,w can now be written to solve for strains:

E~i= Sij a. i~j=l,2 ..... 6 (7)

where Sij = compliance matrix.

In most composite responses, it is easier to represent the terms of the compliance matriv

than those of the stiffness matrix since these values can be determined from a set of simple

tests performed with a single loading direction. Equation (7) (assuming the composite is an

orthotropic material) can be rewritten in matrix form as:

S1 -I1 S12 S13 0 0 0 r

2 S2 1  S22 S23 0 0 0 7

3 S3 1  S 3 2  S33 0 0 0 (3

E4 0 0 0 S44 0 0 7 (8)

0 0 0 0 S55 0
5 L 0 0 0 0 0 S66

E56

Each of the terms of the compliance matrix (Sij) can be written in terms of the engineering

constants that have been determined from tests. The tests consist of a uniaxial tension and

compression test conducted on both 00 and 900 laminates and a shear test conducted on

±450 laminates [15]. We can then rewrite the equation in the form of these constants:
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1 V2 1 -v3 1 0 0 0E I E2 E3

"v 12 1 -v32
0 0 0El E2 E3

-Vl 3 -v2 3 1

[S. 'l V2  L 0 0 0 (9)ij] E1  E 2  E3  I

0 0 0 0 0

0 0 0 0 0G31 1

0 0 0 0 0L G12 -

In this study the laminates are treated as thin plates, thus a plane stress assumption

can be used. This assumption is based on the theory that the through-the-tickness stress

can be neglected and thus allows us to model the composite using a two dimensional finite

element analysis. It may not be valid where through-the-thickness stresses are generated

with certain types of ply layups.

In the plane stress assumption, it is assumed that 03=(T4=05=0 and equation (9)

can be simplified to:

1 "v2 1

[I1  El E2l
"E2 v12 1 0 1Y2 (10)E6 El E2 10T1 1I6}

0 0

The Sij matrix can be inverted to solve for the stresses so that the equation has the form:
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{ lt Q11 Q12 0 l ]

Y2 Q21 Q22 0 E2  (11
L6 0 0 Q66 C6

S2 2  2_El
where Q l I1 22_S122 1 v12 V2 1

S1 2  v_12 E2 v 2 1 E1
Q12=Q21=-S11 $22'S122 1 v12 V2 1 = 12 V2

Q22 = E2

Q22=S l 22_S122 = 1 - V 1 2 v2 1

1 v12 V2 1

Q66= S6 6 - - E2

For an orthotropic lamina subjected to inplane forces the equations (9 through 11) are the

basis forithe stiffness and stress calculations that will be utilized in the finite e!ement

analysis [5].

Normally the principal axes of a laminate do not coincide with a given coordinate

axis as shown in Figure 2-3. When the principal axes do not coincide, a transformation is

required so that both the stresses and strains imposed on one coordinate system can be

interpreted and utilized in another coordinate system. In this thesis the plane stress

assumption allows for a coordinate transformation based on the angle 0 which is the angle

between the material fiber axis 1 and the x coordinate axis. Had the plane stress

assumption not been valid a three-dimensional transformation would be required.
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x

Figure 2-3: Coordinate Transformation

The two dimensional transformation can be expressed:

fcx [m 2 n2 -2nm GI i
r n2 M2  2nm J{t 2J (12)

T V- -nm m2 -n2  1

where m = cos 0 and n sin 0.

Finally, both the stiffness matrix in equation (11) and the transformation matrix in

equation (12) can be combined to give an equation for the relationship of stress to strain in

which the material axis is not aligned with the structural or global coordinate axis. This

expression is known as the transformed reduced stiffness matrix and equals:

(TI Q I Q 12 Q i16
'2 Q 1 Q2 2  Q2 6  £2 (13)

G6 Q16 Q2 6  Q6 6  E~6

where -ýýli =Q1 m 4 +2(Q 1 2 +2Q6) n2 2 +2n

Q 12 =Q 2 1 =(Q 1 -Q12 -4Q66)n2 m2 +Q 12 (n4+m )
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--Q22 = Q, In4 +2(QI2+2Q6 6 ) n2 m2+Q22 m4

Q 16 = Q 16 = (Q1 I-QI 2 -2Q66) n m3 +(Q12 -Q2 2 +2Q6) n3 m
6- =- -2-Q6 n3 +Q6)nm

26 Q 26 (Q1 l'Q 12 -2Q6) m+(Q 12 -Q2 2 +2Q6) nm

66 = (Q1 I+Q 2 2 -2Q 12 -2Q 6 6) n2 m2+Q66 (n4+m 4)

The most notable feature about the transformed reduced stiffness matrix is that the

shear strains are coupled to the normal stresses and the normal strains are coupled to the

shear stresses. Only when the material axis and coordinate axis are aligned are these terms

uncoupled. What is not considered in this equation is the effect of interlamina forces that

can result in planes of different orientations due to specific lo',.ing conditions.

Many times these interlaniina stresses can result in delamination of a composite.

Formiula (13) does not take into account the through-the-thickness stresses, GzaXz, and

thus neglecting the force that contributes to the delamination of the composite. The

stresses affecting a composite material are shown in Figure 2-4. D.H. Woolstencroft, et.

al. in 1981 showed in a study on unidirectional composites that cz is much less than ax or

ay and thus can be neglected [16]. As a result, this analysis does not take into account any

through-the-thickness stresses and the plane stress assumption is assumed valid.
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Figure 2-4: InterCvna Forces

Since a lamlinate may consist of various laminas oriented at different angles,

equation (13) can be rewritten for each individual lamina. Therefoue the behavior of a

given laminate is the sum of the behaviors of each independent lamina.

{Ox Q I Il Q12 _Q16 Erx1

(Ty Q= 21 Q22 Q26 C y (14)

a xY k Q16 Q26 Q66 E xy k

(3) Compressive Mechanics

This thesis will try to show that the use of Dr. Sandhu's two dimensional plane

stress analysis to predict the compressive failure of Gr/PEEK is a proper application of the

criterion. In compression, most isotropic materials behave as they would in tension. This

is not the case for composite materials. Because of the orthotropic nature of composite
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materials, the response is quite different in compression than it is in tension. This effect

has been recognized by many who have sought to model the composite at both the

micromechanical and macromechanical levels. In all the various attempts at modeling a

composite, one thing is constant throughout; compression is treated differently than

tension. Several methods that have been devised and utilized to predict the compressive

strength of composite materials will be discussed. Since these methods are both on the

micromechanical and macromechanical levels, an assortment of these criteria will be

covered.

The first recognized look at compression in a material was performed by Euler who

tried to model the buckling of a column. This column buckling is one way in which both

the micromechanical and macromechanical ultimate strength of a composite can be roughly

approximated. For the length of a given column the formula as derived by Euler is:

irEI
PC = L2 (15)

where E = the modulus of the column
I = the moment of inertia of the column
L = length of the simply supported column.

If the column is fixed at both ends then L]2 is substituted for L. In the case of composite

materials, shearing forces become very important and the equation in (15) must be modified

to:

Pc,corr a PC (16)
+ +

GGA

where Pc = the previous column strength
G = shear modulus of the composite
a = a constant, 1.2 for rectangular cross-sections

A = cross-sectional area of the column.
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This formula shows that composites have a lower Euler buckling load because of the shear

modulus. These equations are good estimates, but assume that the material is isotropic in

nature, and thus do not take the true nature of composites into account. These formulas

also assume that the column that is being compressed is straight to start with which is

usually not the case [171.

Many different studies which take into account the material characteristics and

physical characteristics of a composite material have been conducted in order to properly

model the compressive strength of a composite. In 1979 Nuismer and Labor attempted to

apply the Whitney and Nuismer point stress criterion to compressive responses in a

composite to predict a composite's strength and state of stress [18]. In 1986, S.C. Tan

utilized a complex variable analysis in order to compute the stress around a hole when a

composite is under compression [19]. The problem with many of these semi-emperical

techniques which were first introduced to predict the ultimate strengths is that they make the

assumption that all composites are perfect. The process of constructing a composite

material is full of steps that can introduce errors and imperfections. Any method that treats a

composite as a perfect materials will produce results that are higher then the actual value.

In addition, if constants are used to represent the material's properties then they ignore the

load-history response of the material. In a truly nonlinear material the use of constant

material properties is not a true representation of the material and can provide an incorrectly

high ultimate strength.

When a Gr/PEEK specimen is manufactured, it is done using a unidirectional fiber

tape with the matrix material impregnated into the tape. A combination of these tapes are

laid out in the required stacking sequence, fused under the pressure of an autoclave, and

allowed to cool under carefully controlled conditions. The process of constructing the

specimens used for the experimental portion of this test research will be discussed in depth

in Chapter 4 of this thesis. The important thing to keep in mind is that since this process

2-17



involves numerous steps, some of them done by hand, it is almost impossible to have a

completely perfect composite where the fibers are perfectly straight in all directions, there

are no voids, and all plies are at the exact angle specified by the stacking sequence.

Resulting imperfections can lower the compressive strength of the composite.

One of the first places to look when trying to determine a cause of failure in a

composite under compression is the straightness of the fibers. While great painrs arc taken

in the manufacturing process to ensure that the fibers stay aligned, frequently they are not.

Instead the fibers frequently take the appearance of a sinusoidal function that can be

approximated using a Fourier series as shown in equation (17):

00

V= a sin 1 (i7)
n = I

where a = amplitude of fiber deflection
n = wave number
x = axial coordinate
I= composite length.

When the composite is put under tension, the fibers that are in the loading direction tend to

straighten out as shown in Figure 2 -5. However, when compressive forces are applied in

the fiber direction the fibers compress and the existing fiber waviness is compounded by

the strain introduced by compression. As the compressive strain increases so does the fiber

waviness as shown in Figure 2-5. If the matrix is sufficiently weak, it will not provide

adequate side support for the fiber, and the fiber will buckle just as an Euler column might.

Because of the nature of composite materials, many different methods ha,,v,: been

developed to characterize a composite's response to compression and the final compressive

failure mode. Many of these methods attempt to incorporate the imperfections present in a
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composite under compression. Because of the many varied lay-ups with which a

composite can be constructed, many of these approaches are micromechanical.

TENSION

COMPRESSION

Figure 2-5: Fiber Waviness Effects

One of the ways of characterizing the compressive responses of a composite

material is the use of a total energy formulation. Timeshenko and Gere determined a total

energy criterion based on the Fourier series formulation of fiber waviness. Frost [20]

modified equation (18) to determine the approximate fiber shape at any time during the

loading procedure until failure starts to occur. The difference between the initial fiber

displacement and subsequent fiber displacements gives us the amount of change in fiber

displacement:

00

v = V - VO = an - an o) sin (1 n (18)
n= 1
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where Vo = initial deflection

a no= initial fiber amplitude.

T!'e work or energy from the initial and pr•,sent deflection of the fiber as shown in equation

(19):

Work Done (WD) =-- Jh -X- - ( Iox dx (15j

0
where ac = the compressive stress

h = the fiber diameter.

From equations (18) and (19) an expression can be obtained for the work done with respect

to the fiber amplitude:

00

WD = h Xt Y "(an2 - a(20)

0

Taking the first variation of this with respect to compressive stress yields several

relationships which can be used to model various failure modes that can occur in a

composite material under compression. These models include the tensile failure mode,

shear and fiber failure mode and the fiber compressive mode.

The tension failure mode occurs when the fiber deforms out of phase with the fibers

next to it as demonstrated in Figure 2-6.
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Figure 2-6: Tension and Shear/Fiber Failure Modes

In this representation, strain in the y direction is characterized by:

V
Y=c (21)

where c = one half the matrix width.

The strain energy absorbed by the fiber is in the form:

Ef I b-d V~ 2

WDf=2 J- X dx (22)

0
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Using the relationships in equations (20), (21), and (22) a compressive stress function can

be determined:

[2Em Efh2 ] n )an - an o

" "OMP=(f +Om Em ! Ef) [-2Er + 1 2  ] an + an (23)

where of= the fiber volume fraction

m= the matrix volume fraction

Em = the modulus of the matrix.

For the shear and fiber failure modes the fiber deflections are in phase as shown in

Figure 2-6. In these modes the shear strain is assumed to be independent of y. Axial

displacement can be determined by:

u=- - rf land au-=c (24)

au av
where Ff = the shear stress~y + ax.

Using the relationships for 1f and 1m, the matrix and fiber shearing stresses can be

determined by substituting equation (20) and (24) into the relationship

Gm Fm = Gf Ff (25)

where Gm = the shear modulus of the matrix

Gf = the shear modulus of the fiber.

The resulting equation is
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Fmmax = (an - ano) ( - + hGm/2cGf) (26)

(nlt 1 + h/2c tf fail

Efj-max = (an - ano) ii - h/2c + Gf/Gm - Gf

where tf fail = the ultimate shear strength of the matrix.

The fiber compressive failure mode occurs when fiber compressive strain is less

than the compressive stress divided by the fiber's compressive modulus. This mode

differs from the other two failure modes in that the fiber axial compressive strain to failure

is greater than the composite's axial strain at the onset of fiber bending. This is not the case

with the other two modes [20].

Hahn and Williams proposed a model of possible failure modes in a unidirectional

laminate based on the equilibrium equations produced by forces on a single fiber, assuming

small deflection. The equations are:

q+ + P - =0 (27)
+P dx=0(7

dP Qdw 0P + Q + = 0

dx - ~ =

where P = axial compressive force
Q = transverse shear
M = bending moment
p = applied distributed axial force
q = applied distributed transverse force
m = applied distributed bending moment.

2-23



These forces are shown in Figure 2-7.

p + dPldx/
m + dMdxi+

q + dQ/dx

m p

M

Figure 2-7: Free Body Diagram of Fiber

From these equations, the composite's buckling stress can be determined:

Gm Ef if (!)21Cc = - + v f +v-ff(8
1 + Vf (8

where hf = thickness of the fiber layer.

An expression, including fiber curvature and the matrix material nonlinearity, can be

developed using the distributed moment [211:

, 4Em Ef 1 YLT)T

hm t YLT + n ao/! (29)
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where GLT = the composite shear modulus

YLT = the average shear strain.

A recent study conducted by Lessard [22,23,24] at Stanford University attempted

to model the composite as a series of simply supported beams connected by springs as

sho\,.n in Figure 2-8:

ith FIBER ith + I ith + n
FIBER FIBER

Figure 2-8: Modeling of Composite as Springs

The theory uses a strain energy method which incorporated the strain energy of the fiber

bending, matrix extension, and matrix shearing as well as the work done by any applied

load to produce an expression containing the total energy of a composite. The strain energy

of loading is presented as

I = f~ If dx (30)

0

where w i = the total axial displacement of the fiber relative to a initial point.
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Since w i is similar to V in equation (18), then V will be. used from now on in the place of

w i The strain energy due to matrix extension is the tension in the matrix res, iting from

the relative lateral displacement of the adjacent fibers. The expression is:

I
2cEm tm ( )2

171 2 Mt i i+ 1 2dx (31 )i, i+l = 2

0

where tm = the matrix thickness

ei i+l = the strain of the ith fiber with respect to the ith +1 fiber.

The strain energy due to matrix shearing is approximately expressed by:

I

2 cEmtm f 2 2
Ti, i+l - 2 J(i i+I) dx (32)

0

where Ti i+ the strain of the ith fiber with respect to the ith +1 fiber.

Finally, the work done by the load is

Vi- F dx (33)

0

where Pi = the load applied to the ith fiber.

The total energy of the system can be written as the summation of all the individual

energies:
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N N N-1 N-i

INXH P f.++-I= j -Pi + Inf+ I -i i+l+ H1ni i+l (34)

:-1i~1 i=l i=l

Taking the variations of this equation with respect to a given loading condition (i.e.

shear stress, normal stress, transverse stress, or applied load) will lead to an equilibrium

equation for the system and a critical load that can be isolated in the resulting expression.

With this analysis Lessard took into account fiber imperfections, material nonlinearity

(using the Hahn-Tsai equation), and non-uniform loading conditions which can result from

constant displacement or uneven loading of a composite. From these equations critical

stresses could be obtained and failure modes determined. The failure modes which Lessard

intended to model include matrix tensile cracking, matrix compression failure, fiber

buckling failure, and compression-shearing failure [22,23,24].

For the work herein, in addition to finite element analysis and experimentation, a

complex variable analysis was used to determine the point stresses at a given location of a

composite with a circular hole. The technique was presented by Gurdal and Haftka [251

and is based on a system of equations developed by Savin [36] of the former Soviet Union.

A discussion of the results obtained from the experimental, computational, and the complex

variable analysis's is presented in Section V. A FORTRAN code was developed by the

writer to incorporate the equations for computing the point stresses. The equations, the

code, and a discussion of the development of the code are presented in Appendix B of this

The compressive theories represented in this section are not the only compressive

theories in existence. Indeed, many of the references listed contained proposed methods

that are compressive modeling techniques or can be modified for compressive failure.

These theories illustrate the diversity in the methods with which engineers and scientists try

to model the characteristics of compressive failure. The common thread throughout each of

2-27



these recent theories is that the composite is never perfect. These small eccentricities in the

straightness of the fiber can result in a substantially lower compressive strength. In order

to understand the true nature of compression in a composite material one must understand

how each fiber is interacting with the matrix around it and the other fibers near it. This is

neither practical nor possible at the present time. What can be done is to accurately model

the response of the composite while keeping the cost associated with this modeling to a

mininmum.

B. Linear Finite Element Theory

To understand Dr. Sandhu's theory one must first have a good understanding of

what finite element theory is and how it can be properly used. The Finite Element Method

(FEM) is a numerical procedure for analyzing structures and continua. Problems addressed

by FEM are usually too complicated to be solved using a closed analytical form. The FEM

depends upon the use of computers to perform the numerical calculations and very rarely

produces an exact solution. The program used in this thesis, PLNRS, is a finite element

modeling program developed by Dr. R. S. Sandhu and is used for modeling the failure

initiation, progression, and strain contour plotting. The technique uses a grouped ply

analysis and incorporates the number and orientation of the different plies throughout the

composite material. While the program models nonlinear material behavior, it uses

constant strain triangles as elements in the model.

The constant strain triangle is shown in Figure 2-9 [26]. The element is two

dimensional and has six separate degrees of freedom.

2-28



yv
V3

3 U3

V2

2 
U

-40 x'U

Figure 2-9: Constant Strain Triangle

It is one of the earliest finite elements and is based on a polynomial that is complete in both

x and y direction displacement:

u = a1 + a2 x + a3 y and v = a4 + a5 x +a 6y (35)

where u, v = displacement in the x,y direction respectively.

The triangle can be subdivided into three separate triangles, each htving its own area as

shown in Figure 2-10. The area for each section can be computed using simple

trigonometry. The formula to compute areas is shown below:

Y + Y3  Y2 + Y3 Y + Y2
AI - 2 (x3 -x) + 2 (x2 - x 3 ) - 2 (x2 -x) (36)

Taking the first partial derivative of A1 with respect to x and y yields:

aA I Y + Y3  Y + Y2 Y2 + Y3
-x - - 2 + 2 - 2 (37)

2-29



Y

A2 IA,

(xl,,y) A3(

Figure 2-10: Area of Triangle

Mi x 3 - x x 2 -x x 3 + x2

ay 2 2 - 2

The same can be performed on A2 and A3 to produce:

aA 2  Y3 + Y1 aA 2  X1 + x 3

ax- 2 ay2 (38)

aA 3  Yl + Y2 aA 3  x2 + Xl

ay 2 ay 2

Next the area is normalized so that the formulation is done in a natural coordinate system.

The expressions are each divided by the total area, thus allowing us to rewrite the

displacement equations for the individual displacements of each node:

U TIlU1 +Tl 2 u 2 +'13u 3  (39)

V = lV1 + T12v 2 + T13v3
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where Ahi = A-

This expression can be rewritten in matrix form after taking the partial derivative with

respect to the x,y coordinate system as:

~U
E u 0 0 3 u2 (40)eX=ax- I ax ax ax u3

3 1 1av 0tl "12 0r3

Ey~, LW 2#[SY=•y lay ay y Y

This can be combined together in matrix form so that an equation exists which is the

relationship between strain and displacement. That relation is:

U1

E x Y2-Y3 0 Y3"Y 0 YlY2 0 1
{E 0 x3-x2 0 Xl-X3 0 x2-x1 3 (41)

x3-x2 Y2-Y3 X-X 3  Y3-Yl x 3 -X2  Y 1-Y2exy -v2

.V 3

wu av
wherexy =ay + x

The 3 x 6 matrix is designated as the B matrix [27,26]. Now the element stiffness matrix,

[k]e, can be formulated using the [B] matrix:

[k]e= f[B]T [E] [B]t da = [B]T[E] [B]tA (42)
A
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where t = the element thickness
E = the constitutive equations for the plane stress assumption =

E v 1 0
I2 1V -v

0 0 2

The above equation for [k] can be compared to the generalized stress-strain relationship in

equation (13) to form a general element stiffness matrix for an orthotropic material. [5]

[k] [BIT [Q] [BI t da = [BIT [QI [B] t A (41)

A

What the program PLNRS does is take a four noded quadrilateral element and break it into

four constant strain triangles to be analyzed by the program. The model can be entered as a

quadrilateral mesh, thus saving time and computer memory. The decomposition of the

element is shown in Figure 2-11.

L K

Fictitious
"Node

IJ

Figure 2-11: Nodal Locations

This decomposition produces a five-noded element resulting in a stiffness matrix that is 10

x 10 instead of 8 x 8 ,and a [B] matrix that is 3 x 10 instead of 3 x 8. Two of these rows

are attributed to the fictitious node "M" shown in Figure 2-11, thus the matrices can be
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reduced to form the 8 x 8 stiffness and 3 x 8 [B] matrix. This is accomplished by

assuming that:

Ul+UJ+UK UL
UM 4 (44)

Vl+VJ+VK+VL
VM= 4

and then the value of Um and Vm can be produced by this formulation and can be

composed in this manner when required by the program. In order to account for the

different orientations of the plies, the stiffness matrix can be formulated by summing up the

individual stiffness matrices for each ply as shown below [14]:

n

[keq] =A f-[BIT[--QI [B] ti (45)
A

i=l1

where i = the ith laminate
n = number of plies
ti = thickness of the ith ply.

C. Nonlinear Constitutive Relationships

As mentioned previously there have been several attempts at incorporating material

nonlinearity into an analysis of a composite's strength. However, both the Petit-Waddoups

and the Hahn-Tsai have shortcomings in modeling the material's response. Dr. Sandhu's

program is very versatile because it predicts the initiation of damage in a composite

materiai, the progression of damage, and the ultimate load of the composite. The program
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allows for various finite elements, numerous different loading conditions, ply failure

criteria, boundary conditions, and post failure element unloading options [ 141.

Gr/PEEK exhibits nonlinear properties in almost every unloading condition. The

use of an incremental form of the constitutive law models the response of the composite

well, but two assumptions must be made:

(1) Increments of strain depend upon the strain state and the increments of
stress.

(2) The increment of strain is proportional to the increment of stress.

Because of these assumptions, Hooke's Law must be rewritten in an incremental

constitutive law form for an anisotropic material as:

dei = Sij do (ij = 1,2,6) (46)

or

[dwe [S] [dco]

where = normal strain increment in the fiber direction

dE normal strain increment in the transverse direction

dC6 =shear strain increment

do 1 = normal stress increment in the fiber direction

do 2 = normal stress increment in the transverse direction

do 6 = shear stress increment.

For an orthotropic laminate we can simplify the expression by letting S 16 = S2 6 = 0. The

rest of the terms of the compliance matrix are defined by the same terms as in equation

(10). Combining equations (46) and (10) we can rewrite the incremental stress-strain

relationships for a given lamina.
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d1=do 1
d e 1(1 -v 1 2 R) (47)

do 2 v2 1
d£2 22(1 - --if)d2= E22R

do 6dC6 = GI 2

do 2

where R = do assuming do 1 * 0.
do,

It is impossible to determine properly the incremental elastic constants (El i and

E22) using del and d£2 for the stress-strain curves under simple loading conditions.

Under simple uniaxial loading on an anisotropic material, the resulting stress state is not the

same as under biaxial loading conditions. This is best explained by an example presented

by Dr. Sandhu in pictorial form in Figure 2-12.

G

022

(12

Figure 2-12: Biaxial State of Stress
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For example, F2 is under a biaxial stress, (01' Y2) corresponds to the curve
ON on the plane OEHG, whereas the simple stress-strain curve OM lies on
the plane OEDC [7,8].

Therefore the curve ON has components of a1 as well as 02. If ON is assumed to have

only (2 components then the state of stress assumed is lower than the stress. This biaxial

equivalent strain is one of the major attributes of this technique and enhances its ability to

predict failure in a composite.

Because it would be extremely difficult and costly to produce experimental data on

the biaxial state of stress, we calculate the biaxial state of stress based on uniaxial data. Dr.

Sandhu used equation (42) to calculate an equivalent strain by defining:

do1  de1
d•1 =•I = o e (48)

eq= E 1  (I - V 1 2 R)

dG2  de 2
E21eq = V 2 1(1-)

and d = the equivalent strains in the I and 2 directions, respectively.where d F-2eq a 2eq

Using equation (46) we can invert the [S..] matrix and get an expression that will

give us the incremental stress value for a given incremental strain value and a calculated

stiffness matrix:

[do] k = [Qk [r]k (49)

where [C]k = the incremental stiffness matrix for the kth ply
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[do] = the incremental stress for a given ply relative to the material axisk

1e]k = the incremental strain for a given ply relative to the material axis.

We can use a ply by ply version of equation (10) ,where the Ok is the angle for the kth ply,

to transform the stiffness matrix and stress and strain vectors from the materials axis 1, 2 to

the coordinate axis x, y. The transformations are represented as:

[d ] a [T]1 k [do] (50)

[I ]k= [T]-' [Q]k [T]k

where [T1 = the axis transformation matrix equation (12)

Because of the stacked ply configuration, we can assume that the stresses are distributed

uniformly throughout the thickness of each ply. This assumption allows us to calculate the

stress resultant increments [dN] in x, y coordinates as:

p -
[N] = [d a t (51)

k =1

where t = the thickness of the kth plyk

p = the number of plies.

Using equation (50) we can rewrite equation (51) as
P

[dN]= E[--Q]k [de] tk (52)

k =1
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As mentioned before, the assumption is that all plies will deform in the same manner. This

leads to the feature that each element of a through-the-thickness stack will have the same

location. This allows us to assume that:

[dc]=[co] (53)

where [IF°] = the strain of a given stack of elements.

Therefore, we can rewrite equation (53) as

[dN] = [A] [c°] (54)

p

where [A]= 1[--Qik tk

k =1

This allows us to solve for strain by inverting the [A] matrix so that:

[o] = [A] - [dN] (55)

In this equation [A] 1 represents the average compliance properties for the

laminate during the n+lth load increment, which is not known when the n+ 1 th load

increment is applied. To solve this, the elastic properties at the end of the nth load

increment are used to compute the laminate strain increments [E0] and stress increments

[do;]k in the plies. This method is known as the "predictor-corrector" technique where:
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[0°]n+, = [A]n _ [dN]n+, (56)

This equation is used by PLNRS in the incremental scheme to solve a given problem.

Once [E 0] n+ has been calculated from equation (56) then [doa] k ' [d £] ,and d Eije

can be obtained. The stress and strain increments can be added to the summation of

incremental stress and strains to calculate the average elastic properties of each of the plies
-I

and a new (Aln is formed by the summation of the incremental elemental stiffness

matrices. This incremental scheme is performed in each iteration of the program until the

values of [E]n+1 and [ J]n have converged to a given tolerance [7,8]:

Cnorm ]< 0.001 (57)nnorm2I E Jn+l

where n = the norm of the strain vector = +EY 2+yx,2

To affect this stress-strain relationship the mechanical properties are imputted in the

file in the form of tabular data at the end of the PLNRS data file. The properties are

determined for this study through five separate uniaxial loading tests conducted on

Gr/PEEK specimens. The procedures for obtaining this data will be discussed in Section

IV of this thesis.

D. Strain Energy Failure Theory

There comes a point where a composite subjected to incremental compressive

loading can no longer sustain a given load. At this point a composite reaches its ultimate
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strength and fails. This ultimate load can be estaolished under a general • ss state by a

criterion developed by Sandhu [7,8]. This criterion is a function of the stress, strain, and

material characteristics and is represented by the scalar function:

f(a,c,k)=1 (58)

where a = the stress state

F= the strain state

k = the material characteristics.

This equation can be written explicitly, using the strain energy of the materials to represent

the nonlinear behavior. In the case of an orthotropic material, strain energies are

independent of each other so they characterize all of these various effects of the material

under a biaxial stress state. A linear combination of the different energies is written as:

3

kij[ f Oij dej mij = 1 (59)

ei=

i=l1

where Eij = current strain components

mij = the parameter defining the failure surface in strain-energy space.

The equation can be expanded to represent the plane stress condition:

1 m6
k j f l delM +k 2 [ fcr2 dE 2 1 m 2 +k 6 [ 6 d ]6 =1 (60)

where k1, k2 , k6 =total area under the stress-strain curve in the 1, 2, 6 direction.
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This equation assumes that the failure criterion is base upon the premise that the

strain energies in the transverse, longitudinal, and shear directions are independent terms.

This consideration requires that the ratio of each strain energy to the total maximum strain

energy must be determined. The terms ml, m2, and m6 are the shape factors representing

the shape of the failure surface in strain energy space. The possible values for this

parameter are ml=m2 =m 6 =2 for a spherical shape and ml--m2 =m6 =1 for a pyramidal

surface. This failure criterion is compared for different values of m to various other failure

criteria in Figure 2-13.

This comparison was conducted by Sandhu on a boron-epoxy material system.

The comparison was confined to the first quadrant of the stress state. One of the problems

with the use of the m parameter if that the biaxial stress state data must be acquired- to

determine suitable values of ml, t12, and m6. As mentioned this is a very difficult task to

do, so for this thesis the value of mi will be taken to be unity.

Since a composite material is constructed of two separate components, one of the

questions that must be determined is whether the failure is a fiber failure or matrix failure.

The answer to this question will have a bearing on how the element is unloaded and how

the failed element effects surrounding elements. The constituent component that fails first

can be determined using the following relationship (60):
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Figure 2-13: Comparison of Failure Criteria

I S"I
kj [Ja delJ

Xki fJ al dEI- = Check (61)

i=(1,2,3)
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In a composite, if the matrix should fail the structure can still carry part of the load

using the fibers. A load can tx carried parallel to the fibers but will not be supported in the

transverse or shear directions. If the fiber fails, the lamina will not be able to carry any

significant loads and the load will be transferred to adjacent laminas and their elements. If

the value of the ratio of equation (61) is greater than or equal to 0.1, then fiber failure

occurs. If the element has meet the criterion for failure but value of the ratio is less than 0.1

then matrix has failed instead of the fiber [7,8]. The criterion can be modified depending

on the relationship between fiber and matrix materials. This value is determined using

fracture testing experience with several different types of composites and has been found to

yield accurate results.

Once an element in a given ply has failed it can no longer support the load imposed

and the load must then be redistributed to adjacent elements within the model. There are

two options within PLNRS that can be used to unload the failed elements.

Option one is a process of gradual unloading in which a failed element will not

carry a load so the adjacent elements must carry the load. This unloading scheme is done

by negating the affected elements modulus once.the element meets the criteria for failure.

This procedure will result in a gradual, incremental unloading of the element. When the

stresses within the failed element have been reduced to zero the moduli are set to the

nominal value of 100 psi [14]. This unloading scheme is shown in Figure 2-14.
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Modulus of first increment

Modulus of failed element

Nominal modulus

Figure 2-14: Option I Unloading Scheme

Option two is more conducive to a compressive type failure because it redistributes

the nodal forces from a failure element to those of the elements around it. When an element

reaches the maximum allowed strain energy for a given loading condition it is recorded as

failed by PLNRS and its nodal forces are redistributed to the adjacent elements. This load

distribution is shown in Figure 2-15. The nodal forces of the failed elements are
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Unfailed Element

Nodal Forces

Failed Load Redistributed

Failed Element

t Vt

Figure 2-15: Option 2 Unloading

negated so that the sum of the nodal forces on each of the nodes of a failed element is equal

to zero. The nodal forces are calculated by equation (62). This causes the nodal forces of

2-45



(rn) = r [BIT [El {Eo} dV (62)
Ve

where E = the constitutive equations for the plane stress assumption

eo = the strain vector for the element

B is the matrix defined in equation (41)

the surrounding nonfailed elements to increase by the amount of the failed element. The

model is then tested by PLNRS to ensure that no other elements fail because of the

balancing of the node forces. This can result in a cascading failure where a large amount of

elements will fail at once. This type of cascade failure is similar to the type of failures

experienced during experimenting, where the specimen seems to failure almost

instantaneously.
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I11. Analysis

Before composites can be applied to the various applications mentioned in

Chapter I, we must be able to model the composites responses and failure characteristics.

Because the use of fasteners in a composite are required for joining various composite

components, it is essential that the geometry at the hole in a finite width plate be

modeled. Dr. Sandhu's finite element method described in Chapter II is used to analyze

the five separate Gr/PEEK laminates, each one with a centrally located 0.5" hole. This

chapter will discuss the modeling techniques used in developing the finite element model,

a comparison of the finite element model to models implemented in earlier analyses, and

the procedures required to execute a nonlinear analysis program.

A. Finite Element Modeling

A finite element model should be able to depict the state of stress within the

model, the existing boundary conditions, and the exisring displacements and strains

throughout the specimen. The model should also be refined in areas of interest so the

stresses and displacements are adequately depicted.

The dimensions of the Boeing specimen that was used in this study are rather

large so that the modeling of the entire specimen is impractical from a computational

point of view. What is more practical is to model either a half or a quarter of the mesh.

First the specimen was modeled using a half mesh shown in Figure 3-1. The mesh

constructed was similar to the meshes used by Martin, Fisher, and Daniels [2,14,281.

This mesh has several advantages including simplicity of design and the fact that the

centerline of the specimen shown in the figure lies along the centroid of the center

elements. These advantages facilitate the comparison of the experimental data with the

analytical results since the strain gage can also be located at the centroid of the element

allowing the results to be compared with no interpolation required. However, this mesh
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is rather coarse and a finer mesh would provide a more detailed picture of the progression

of failure.

HALF SYMMETRY MESH

, I I ] • s ,- t

(HALF MESH DISTORTED)

Figure 3-1: Half Mesh

When a quarter mesh is used instead of a half symmetry mesh, the model must be

made fine enough to provide an accurate picture of the progression of failure. As a result,

a quarter of the specimen was modeled as shown in Figure 3-2. The model was generated

QUARTER SYMMETRY MESH

QUARTER SYMMETRY (DISTORTED)

Figure 3-2: Quarter Mesh
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using a mesh generation algorithm, called GENCIR, which was developed by

Dr. Sandhu. The program generates a quarter symmetry mesh for a specimen containing

a hole when the geometry of the model is imputed. The program requests the user to

define the number of elements around the hole and the external geometry of the

specimen, then it generates the mesh of 00 plies with an aspect ratio of I- I for the

element around the hole and an aspect ratio specified by the user away from the hole.

The mesh was constructed as to be so fine that the interpolation of the stress from the

centroid of the elements to the edges of the model will not produce any appreciable

change in the results. In this mesh the aspect ratio was 1-1 around the hole and within the

first third of the far field, going to a 2-1 then 4-1 aspect ratio as the distance away from

the hole increases.

Once the mesh was generated, it had to be adapted for each of the five different

ply layups. When the mesh is generated it is only one ply thick. Each of the laminates

used for this thesis has 16 separate plies. The layups are modeled in a stacked

configuration that is shown in Figure 3-3. The 00 and 900 laminates are modeled with a

one ply element that is 16 plies thick or 0.084". The [0°/90014s and [±45°14s laminates

are modeled as two through-the-thickness plies of 0.042" thick. The [0°/±45°/90012s

laminate is modeled as four through-the-thickness elements each of 0.021" [141. Since

the plies are modeled as one ply of a specified thickness, the interlamina stresses

discussed in Chapter II are neglected. The result of neglecting these forces will be

discussed in Chapter V.
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T quasi isotropic (16 ply) laminates four through-the-thickness
elements

ply thickness = 0.00525 in

Figure 3-3: Modeling of the Ply Thicknesses

The elements within a through-the-thickness finite element model share the same nodes

so the number of nodes remains constant from model to model. However, the number of

elements per a layup change as the number of plies changes. The total number of

elements is

[00]16, [900116 672 elements

[0 o/90 014s, [±4 50 14s 1344 elements

[00/±450/900]2s 2688 elements

Dr. Sandhu's program, GENCIR, was modified by the author to allow the generation of

meshes with multiple directional layups.
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B. Comparison of the Meshes

The concern with this modeling is whether the stresses and strains are being

accurately predicted by the model. Martin created four different meshes, each one of a

progressively finer construction as shown Figure 3-4. Stress concentration was calculated

around the hole and the values were compared to values predicted by R.E. Peterson [291.

Coaire Model

I I V

Medium Poadel

Fia.l M4.1

'i II111 II U7 Ir1•|\ I1 11 1

Fira Fine N odal ,

Figure 3-4: Martin/Fisher's Meshes

Fisher and Daniels also performed this analysis and discovered that the value of the stress

concentration converges monotonically towards the value of 3.27 [2,28]. This compared

favorably to the value of 3.46 obtained by Peterson. The same analysis was conducted
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on the quarter mesh generated for this analysis. A linear analysis was performed on the

mesh using PLNRS. The analysis was run by treating the composite as an isotropic

material with E, 1 = E22 = 19,600,000 psi, v = 0.30, and the shear modulus was computed

using the formula:

G = (63)
2 (1 -v)

The shear modulus obtained was 14,000,000 psi. The stress concentration was found by

dividing the stress at the hole by the stress at the far field. (The far field is defined as the

stresses greater than 2 diameters away from the hole.) The value of the stress at the edge

of the hole was extrapolated using a Lagrange Interpolation Function. The stress

concentration obtained was 3.275 which shows an increase towards the 3.46 value

obtained by Peterson. The analysis was run again using the modulus of steel, which

Peterson used in his analysis, and a value of 3.40 was found. This result agrees favorably

with the Peterson value of 3.46. Thus, the finer mesh is a better representation of the

stresses hnd strains obtained than the coarser meshes used before.

C. Boundary Conditions

Once the finite element model has been developed for each of the layups, the

boundary conditions that the specimen is subjected to must be incorporated in the model.

The Boeing Open Hole compression fixture is an end loaded device so the boundary

conditions are fairly easy to model. The boundary conditions are shown in Figure 3-5

and are as follows:

a. Nodes in the area designated as A were given a prescribed displacement by the

data file and all nodes in this location were displaced by that prescribed amount at the
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start of execution of this program. They were constrained in the y direction and displaced

by the prescribed amount in the x direction.

b. Nodes in area B were not allowed to displace in the y direction since it is the

centerline of the actual specimen in the x direction and the centerline would not be

displaced if the loading was not eccentric in nature.

c. Nodes in area C are constrained in the x direction since this is the centerline of

the specimen in the y direction and the same conditions hold true as in b' above.

d. Nodes in all other areas within the model are allowed to displace freely in both

the x and y directions.

BOUNDARY CONDITIONS OF QUARTER SYMMETRY MESH

LB

C

A

• X

B

Figure 3-5: Boundary Conditions on the Model

Because the device is relatively easy to model in two dimensions, the boundary

conditions can be easily modeled. There are, however, some possible complications with

the device that may be difficult to model. This will be discussed in depth in Chapter V.
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D. Executing a Nonlinear Analysis

Data is entered into PLNRS from a formatted datafile. The program is sent to a

CRAY computer and then submitted to the computer's processors in the form of a batch

file. The results of execution are written in an output file (an example of the datafile and

output file are shown in Appendix A in Fisher's thesis [28].) In addition to an output file

being produced, three other files are written during the program's execution. The first

file, FORT.3, writes the current program information and the time at which the operation

of the program was terminated. This feature allows the program to restart at the point of

termination with all the existing conditions at the time of termination being applied. The

next file, FORT.7, writes the stresses, strains, and centroid of each element at the end of

each one of the increments during execution. The final file, FORT.9, writes the

displacement data from each of the nodes at the end of each increment. The second and

third files can be used with existing plotting programs to produce a graphical

representation of the model at any instance during the execution. At the end of each

increment, PLNRS will write to FORT.7 the current centroid, stresses, strains, and

energies of each of the models' elements. The file is written in a format that can be read

as a standard data file. The data file, which is written by the CRAY computer during

execution is transferred to the VAX system.

Dr. Sandhu developed a software plotting package within the VAX system that

will read the contents of the FORT.7 file and will create a contour plot using one of the

ten quantities written to the data file. These quantities, when plotted, will show bands of

constant value thus showing areas where concentrations of the quantities are present.

This technique is extremely useful in determining the locations of stress concentrations

within the model as well as the overall state of stress or strain.

This program is restricted to execution on the VAX system because it

incorporates graphics subroutines located within Wright Laboratories' FDLENG VAX

system. In addition, the plotting routines only function on a terminal with a Techtronics
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T1404 emulator. To incorporate the plots within the thesis, the Versaterm program was

utilized and the plots were captured in PICT format.
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IV. Experimentation

The purpose of the experimental work conducted during this thesis was to

determine the material properties, the ultimate strength, the composite failure modes, and

the stress strain response of Gr/PEEK laminates under compression containing a 0.5"

circular discontinuity. There were four separate sets of experiments conducted. The first

set was conducted to determine the basic properties of a Gr/PEEK composite. Second,

the applicability and limitations of the Boeing fixture were tested with one of each type of

layup. The next set of tests were compression tests conducted on Gr/PEEK specimens

placed inside a Boeing Open Hole compression device. These tests were to determine the

stress-strain responses under compression as well as the final mode of failure. The final

set was conducted using the Boeing Open Hole Compression device. Specimens from

each type of layup were loaded to 90% and 95% of the expected ultimate load to

determine the onset of failure within a composite and to verify the results obtained using

the Finite Element Method. The laminates tested consisted of five different ply

configurations: [00,6], [90016], [+45°]4S, 100/90014S, and [0°/±450/900]2S.

Experimentation was conducted at the Structures Division of Wright Laboratories

(Wright-Patterson AFB, OH). A total of eighty-four specimens were fabricated from

panels laid up by Beta Industries , a USAF contractor, of Dayton, OH. Seven specimens,

one each of [00161, [90016], [00/90014S, and [0°/±450/90°12S and three [±45014S,

were initially tested in the Boeing fixture. Twenty-five specimens were used in the basic

material properties testing. Thirty specimens were instrumented with strain gages for use

in a Boeing Open Hole Compression Apparatus. The last twenty-two specimens were

used in the Boeing apparatus to determine the initiation and progression of failure at 90%

and 95% of the ultimate compressive strength. All testing was conducted at room

temperature using a 100 kips Instron Universal Testing Machine. The objective of the

experimental portion of the thesis was:
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a. To determine the basic material properties and representative stress-strain

response curves for use in the analytical portion of this thesis.

b. To determine the ultimate strength, type of failure modes, the compressive

stress-strain responses, and the boundary condition effects on Gr/PEEK laminates

containing a centrally located discontinuity.

c. To determine the micromechanical mode of failure using a Scanning Electron

Microscope (SEM) for each of the five layups.

d. To determine the propagation of failure in partially failed specimens using

Ultrasonic imaging.

A. Specimen Description

The specimens used in this thesis were fabricated from panels consisting of

Gr/PEEK. They were constructed using a continuous pre-preg tape, 12 inches in width.

The ±450 were measured by hand and laid into the proper stacking order, forming a

"book". The book was then welded using a handheld iron that melted the matrix material

together to act as a fastener. The book was then place on a flat autoclaving surface and

was bagged so that any air entrapped in and around the composite could be evacuated by

the autoclave. The composite was then subjected to a temperature of 7350± 150 degree

Fahrenheit for 20±10 minutes and allowed to cool under controlled conditions so that the

matrix did not consolidate unevenly over the composite panel. All the fabrication

procedures were performed in accordance with ICI Fibrite specification for the

fabrication of a Gr/PEEK composite component [1].

Once the fabrication procedure was complete, all the panels were subjected to a

C-Scan evaluation to ensure that there were no major defects such as entrained air, resin

starved areas, and fiber bunching. The C-scan was conducted by the Non-Destructive

Branch of the Materials Laboratory (WL, WPAFB).
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A complete cutting pattern for each of the panels is include in the Test Plan in

Appendix D. Specimens fabricated from panels A and B were used for the basic material

properties testing. These specimens each were fitted with tabs constructed of G-10 Glass
2.0 r'- 5.0 . 2.0

20* TAB TAPER

ICI II IoE;
a. Specimen OT

2.0 - • 5.0_!-_ _ 2.0_"

20* TAB TAPERII i lIo,
b. Specimen 90T, & (±45)T

TAB

0.25

Sqaure End 2.25
Tabs 0.25

Teflon Inserts 5.04

0.25

2.25

• 0.25

4 _. 0.75

c. Compression Specimens

Figure 4-1 Materials Property Specimens

Epoxy. These tabs provided for a uniform transfer of load from the testing machine to

the specimens as well as a contact area for the hydraulic mounting grips used by the

4-3



Instron Machine. The tabs also prevented damage to the composite from the grips of the

testing machine.

Panels C through G, shown in the Test Plan in Appendix D, were used for

compressive testing within the Boeing Open Hole Compression apparatus. The

specimens were constructed to specifications written by the Boeing Corporation in BSS

-7260 and shown in Figure 4-2.

I

"[a 12.0
=AO

-0.5

0.5"±.003" Diameter Hole 1.5"±.005"

0.5

Figure 4-2: Boeing Specimens

The dimensions of the specimens were verified using mechanical measuring

devices to check parallelism and to ensure that no eccentric loading conditions were

introduced. The measurements of each specimen's width and thickness were taken to

ensure that any specimen with a highly variable width or thickness was eliminated. The

thicknesses and widths were then averaged to obtain an average area of the loading edge

of the specimen so that a gross stress state of the specimen could be calculated given a

load value using the formula:

LOAD
a WIDTH*THICKNESS (66)
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The holes in the Boeing specimens were introduced by drilling a small initial hole

in the center of the specimen, then expanding the hole by gradually increasing the bit size

until the desired diameter was obtained. The incremental increase of the bit had to be

very slight so that the drilling process did not introduce any failures or delamination

around the hole.

B. Specimen Instrumentation

A total of fifty-five specimens was instrumented with strain gages. The material

properties specimens were instrumented as shown in Figure 4-3.

a. Specimen OT\

Front and Back Mounted
CEA-13-125UR-350 strain

b. Specimen 90T, & (±45)T gages

c. Compression Specimens

Figure 4-3: Placement of Strain Gages on Material Properties Specimens

The gages were located so that the longitudinal gage of the rosette was located at the

center of the specimen and was bonded back-to-back on each specimen.

Thirty of the Boeing Specimens had four rosette strain gages, two stacked and two

area gages. The locations of the gages are shown on Figure 4-4. The gages located at the

hole were stacked rosettes intended to determine what the state of stress is at the hole and

to detect if there were any three dimensional effects occurring at the hole. The gages
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WA-03-30UR-120 75

CEA 13-125UR-350

"I".0875" - I

Figure 4-4: Placement of Gages on Boeing Specimen

were measured so that their location with respect a specific finite element was known.

The location of the hole gage with respect to the finite element mesh is shown in Figure

4-5.
GAGE
LOCATION
ELEM #168

Figure 4-5: Location of Hole Gage with respect to Finite Element Mesh

The placement of the gage was important since if the center of the gage was located at the

centroid of the eement then a direct comparison can be drawn between the model and the

actual specimen. Because of the small area of the elements it is possible that the gages

could not be located at the centroid of the element so that some interpolation of the data

might be required t.3 get the exact state of stress of the model in relation to the strain.

The far field gages were used for determining if the stress field was uniform, as

well as ensuring that there were no three dimensional effects occurring away from the

hole. The location for the far field gages was equidistant between the centroid of the hole
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and the end of the specimen. Both of the far field gages were of a configuration that

measured longitudinal, transverse, and shear stress as shown in Figures 4-3 and 4-4.

There are three reasons the back-to-back configuration for the gages was used.

First, if one or more of the legs were to fail then the other gage could be used to obtain

the required data. Second, if there were any three dimensional effects during the loading

process they could be determined by an abrupt change in strain from one gage to another.

This determination gives an excellent indication of the load level at which damage occurs

at the hole. Finally, the values of the back-to-back gages can be averaged so that a stress-

strain response of the material can be determined throughout the loading procedure.

For the near field or hole gages the orientation of the gages is shown in Figure 4-

6. Oniy the transverse gage, leg A, coincides with the transverse or y coordinates of the

specimen. A transformation of the data from the B and C legs must be performed to

obtain the longitudinal and shear strains.

H4OLE

Figure 4-6: Strain Gage at Hole

For this transformation, equation (12) can be used this where 0 equals 45 degrees so that

the transformation looks like:
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fEx 0.5 05 -1 El
y .5 0 0.5 1 2 (64)

0.5 -0.5 0Exy 4 12

The value for ey, £2,and F1 is known so that the value of E12 can be cietermined and then

ex and exy can be determined from the rest of the transformation.

The number of each specimen, as well as its cross sectional area (c/s area) and the

type of test for which it will be used, is listed in Table 4-1. Some of the tests were unable

to be conducted because of the failure of the specimen before a specified load was

reached. The results of the experimental testing will be discussed in depth in Chapter V.

[0116S

PANEL# SPECIMEN# CROSS-SECTION INITIALTTEST STRAIN GAGES PROGRESSIVE TEST
(C/S) AREA(II)

RS13992-1 1 0.1270 X
_ _ 2 0.1270 X

3 0.1255 X

4 0.1260 X
5 0.1255 X
6 0.1261 X

7 0.1261 90% (F)
___ ___, _ 8 0.1261 90%

9 0.1286 95%
10 0.1265 95%(F)
11 0.1254 95%

I I I I 12 0.1264 X

(F) DENOTES SPECIMEN FAILED BEFORE SPECIFIED LOAD WAS REACHED

Table 4-1: List of Boeing Specimens and Their Uses
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[901
1 6S

PANEL # SPECIMEN # C/S AREA (INa) INITIAL TEST STRAIN GAGES PROGRESSIVE TEST

RS13992-2 1 0.1346 X
2 0.1311 X
3 0.1280 X
4 0.1270 X
5 0.1315 X
6 0.1300 X
7 0.1288 X

S8 0.1322 90% (F)
9 0.1338 90% (F)
o 10 0.1327 J- 90%

(F) DENOTES SPECIMEN FAILED BEFORE SPECIFIED LOAD WAS REACHED

[±451'4S

PANEL# SPECIMEN# C/S AREA (IN`) NIITIALTEST STRAIN GAGES PROGRESSIVE TEST

RS17092-3 1 0.1331 X..............
2 0.1303 X
3 0.1296 x
4 0.1308 X
5 0.1318 X
6 0.1321 X
7 0.1378 90%
8 0.1316 X _ __ _ _ _

1 9 0.1318 X
10 0x1 "0___ x

[0/90] 4S

PANEL # SPECIMEN # C/S AREA (IN2) INITIAL TEST STRAIN GAGES PROGRESSIVE TEST

RS14092-2 1 0.1269 X
2 0.1296 x
3 0.1288 X
4 0.1312_ X
5 0.1314 X
6 0.1320 X
7 0.1330 90% (F)
8 0.1290 ;90%
9 0.1283 1 90%

10 0.1286 F 95% (F)
11 0.1283 X
12 0.1290 1 95%

(F) DENOTES SPECIMEN FAILED BEFORE SPECIFIED LOAD WAS REACHED

Table 4-1: List of Boeing Specimens and Their Uses (cont)
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[0/±45/9012S

PANEL # SPECIMEN # C/S AREA (IN) INITIAL TEST STRAIN GAGES PROGRESSIVE TEST

RS17092-2 1 0.1270 X
2 0.1285 X ,,, ,_,, , ,

3 0.1335 X
4 0.1346 X

5 0.1331 X
6 0.1340 X
7 0.1334 X _......

8 0.1339 90%
9 0.1329 90%

_10 0.1339 95%

II 0.1334 95%
12 0.1329 95%

Table 4-1: List of Boeing Specimens and Their Uses (cont)

C. Instrumented Specimen Testing

All fifty-five of the instrumented specimens were tested to their ultimate strength.

The Instron Machine shown in Figure 4-7 was used to determine the material properties

in both tension and compression. The machine shown in Figure 4-8 was used to

determine the ultimate compressive strength using the Boeing apparatus at room

temperature. The load was applied at a constant crosshead velocity of 0.05 inches per

second in accordance with the Boeing specification.

During the experiment, loading was determined as a function of time by the use of

a strip chart connected to the Instron Machine. The chart provided valuable information

because it plotted the response of the entire specimen, while the gages recorded only the

response for a small area. The chart was useful in situations where the specimen might

experience a momentary fluctuation in the loading process that the strain gages would not

record. The gage data provided by this system included the load applied as well as the

strain from each leg of the four strain gages, for a total of 13 data channels.
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Figure 4-7: Material Properties Instron Machine

Figure 4-8: Compression Testing Instron Machine

To receive the strain gage data, a load was first applied to the specimen. A current was

then sent across the gage to measure change in resistance and the strain was calculated

with equation (65) 1301.

1 (65)
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where e= the gage factor, set by the manufacturer
R = the resistance across the gage.

Wires were soldered to each lead of the gage and then connected to a terminal

strip mounted to the Instron Machine. After the change in resistance was measured, the

data was conditioned, amplified, and multiplexed into one signal. The data signal was

sent to a VAX computer system for the calculation of strain and the writing of the data

into a file. The file was downloaded from the VAX system to a Zenith personal computer

on a 3.5" high density floppy disk. The files were converted to a Macintosh format and

the data was stripped from the files and placed ii a tabular format. The tabular files were

then loaded into the Macintosh program, Cricket Graph, for analysis and plotting.

Different data collection rates were used depending on the type of experiment

being conducted. For the material properties data, the rate was 1 sample/sec for 0o

tension, 00 compression, and ±450 tension; 2 samples/sec for 900 compression; and 4

samples/sec for 900 tension. For all the Boeing fixture testing, the rate used was 2

samples/sec for 0°, 900, 00/±450/900, and 00/900 and 1 sample/sec for ±450. The

reduced rate for the ±450 specimen was due to the high degree of elasticity that these

specimens demonstrated. If the rate had not been reduced an enormous amount of data

would have been produced.

D. Mounting Fixture

The used of different devices for compression testing has been debated in recent

years. There have been many claims by engineers and scientist that they have designed a

test fixture for compressive testing, but after careful analysis none has proven

trustworthy. A device had to be chosen to study the boundary conditions effecting the

failure of the composite as well as the ultimate strength of the Gr/PEEK specimens.
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Since these tests were under compression, it was essential that a two dimensional

load be approximated in the experimentation. Additionally, in compressive failure there

were several modes that we did not wish to incur in the testing such as end brooming and

out-of-plane buckling. To avoid such modes, the Boeing fixture was chosen for this task

because it restrains the specimen on both the front and the back face with the use of

stability plates shown on Figure 4-9. The fixture was constructed of 4340 Heat Treatable

Steel by Beta Industries.

Figure 4-9: Boeing Device with Stability Plates.

While the merits and demerits of this device will be discussed later in Chapter V, it is

important to note here that the fixture is not being loaded according to its original

specifications. The fixture was originally designed Mr. Ron Zambora of the Boeing

Corp., but has since been modified many times [311. Originally the fixture was to have

been mounted in the hydraulic grips of the Instron machine, but has been modified so that

it can be end loaded. This procedure was done in accordance with the Suppliers of

Advanced Composite Materials Association's Recommended Method 3-88 (SACMA RM

3-88) which recommends that the fixture be end loaded [321. The end loading setup is

shown in Figure 4-10. The plate on the top of the fixture is constructed of stainless steel,

is 0.5" thick, and is placed there to provide an extremely smooth, flat loading surface.
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Figure 4-10: End Loading Configuration

The fixture was also modified to include the use of strain gages, both at the hole

and in the far field as shown in Figure 4-11. The open cut into the steel was measured to

ensure that it would not allow the specimen to buckle in the unsupported areas. In

addition, for the testing of the ±450 specimens approximately 0.125" was removed from

it so that the fixture would not close before the specimens failed. Once again, care was

taken to ensure that the area removed from the specimen did not allow out-of-plane

failure.
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Figure 4-11: Modification to Boeing Specimen

To mount the specimen within the fixture, the fixture was completely

disassembled and the specimen placed inside so that the strain gages were inside the

cutout areas of the specimen shown in Figure 4-11. The wires for the strain gages were

passed through the opening and the Allen head bolts were tightened by hand. The

assembly was then stood on one of the ends and placed on a steel plate to ensure that the

end specimen was flush with the end of the fixture. The bolts were then torqued to 5 in-

lb. and the procedure was repeated for the other end of the fixture. Great care had to be

taken to ensure that the fixture did not slide over the gage thus separating the wires from

the gage leads or causing the gage to separate from the specimen.

Once the specimen was inside the fixture, the assembly was placed on the loading

platen of the Instron machine. The wires were connected to the terminal strips and the

bolts were checked to ensure that the 5 in-lb, was still present. Finally, the fixture was

centered on the lower head of the loading platen and the steel loading block was placed

on top of the fixture. The specimen was then loaded. The strip chart was started in

motion with the crossheads. The data acquisition system started once the strip chart

indicated that the specimen was beginning to take load.
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E. Post Failure Analysis

Once the specimen had failed, the data was imported from the VAX system to the

Macintosh System and analyzed with the Cricket Graph Program. However after the

stress-strain response of the specimens was determined, the failure surface needed to be

examined to determine what the failure mechanisms were and how they contributed to the

overall failure of the specimen. In addition, those composites that did not dail within the

fixture or were loaded to 90 and 95% of ultimate load needed to be examined in order to

determine the existing progression of failure. For this post loading analysis two

techniques were used to examine the specimens that were loaded in the Boeing Open

Hole Compression Device: a Scanning Electron Microscope (SEM) and an Ultrasound

Analysis.

(1) Scanning Electron Microscope

The Scanning Electron Microscope allowed the author to perform a survey of the

failure surface at the failed ends of the Boeing specimens. The microscope delivers

resolution so fine that the end of a failed fiber can be viewed close enough to determine

how it failed.

To perform this procedure the specimens tested in the Boeing device had to be cut

down to fit within the evacuation chamber. The cutting pattern is shown in Figure 4-12.

- 0.35" - 6.0"

i -I-
0.75 .... i

All dashed areas have been cut using a band saw.
Care must be taken to ensure no dethuination around the
hole a well as so danae to the failure surface.

Figure 4-12: Cutting Pattern to View Failed Ends
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Before the specimens were cut, the portions of the specimen 900 from the failure plane on

the hole were examined to ensure that the was no damage in these areas. Next the

specimens were placed in a specifically designed template and the areas were cut using a

fine tooth bandsaw. The specimens were again examined to ensure that no major damage

was inflicted on the cut surfaces and on the failure plane.

Then, all the remnants of the strain gages at the hole were removed and the cut

portions were coated with carbon in a SPI Carbon Coating Device. The carbon coating

was done to ensure that as little of the electron beam of the microscope as possible was

disrupted while scanning the surface. The coated ends were then carefully placed in the

evacuation chamber of the microscope. The failed surfaces were scanned and those that

displayed areas of interest were photographed using a type of Polaroid camera built into

the device and Polaroid 55 Professional Black and White Prints and Negative Film. The

film was developed and the results are presented in Charter V.

(2) Ultrasonic Scanning

Ultrasonic Scanning is a nondestructive procedure which allows one to investigate

a specimen with a through-the-thickness or a grouped ply-by-ply inspection depending on

what is desirable. There is no surface preparation for the specimen. Five specimens were

submerged in a tank of distilled water and the ultrasonic transponder was centered over

the specimen. A glass plate was placed underneath the speci,'tns to reflect the signal.

Once the specimens are in the tank and centered within the target area the ultrasonic

transponder is lowered into the water to a depth of 1.0". A squarewave is sent from the

data acquisition system to the transponder which emits the signal as a sinusoid. The

signal passes through the specimen and is reflected by the glass and returns to the

transponder. TlRe signal that the transponder receives will consist of a sinusoidal

function which will indicate the density of the specimen through which it passed.
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When the signal returns to the transponder it is an analog signal. It is then

digitized by the data acquisition system and recorded as a datafile which contains the

strength of the signal which corresponds to a pixel on a computer generated image. The

data file is generated on the Material Laboratories VAX system and then uploaded onto a

DEC workstation. Once in the workstation the data is converted to a picture. The colors

of the pictures can be modified, enhanced, and darkened to fit the users specifications.

The images are printed on a color printer and then can be compared to the finite element

model.
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V. Results and Discussion

The purpose of this chapter is to present, discuss, and compare the experimental

and analytical results of the investigation. The discussion will be presented in three

separate sections: the results of the basic properties tests; the results of the Open Hole

Compression testing and all post damage anslysis techniques perforrmed; and a

comparison of the progression of failure studies and of the analytical results to the

experimental results. The results of the basic properties tests contain the basic

properties curves for Gr/PEEK as well as any notable items that occurred during this

testing. The Open Hole Compression testing discussion contains ultimate strengths

obtained for each layup, the stress-strain curves from the strain gages on the specimens,

and the post damage analysis procedures conducted on the failed specimens. The stress-

strain curves obtained from this section will also be used in comparing the experimental

results with the analytical results. All experimental stress-strain curves were obtained

from the data recorded during the loading of the specimen. The load recorded by the

data acquisition system was converted to stress by dividing the loaded end area of each

specimen. The global strain of the specimen was transformed from thr strain data

obtained from each of the strain gages, as described in Chapter 4.

For the analytical results, all the stresses were obtained fram the output generated

by PLNRS. The global stresses were obtained by summing all the incremental forces at

the end nodes for the prescribed displacement. The sum of the forces was then divided

by the model's end area, in this case 0.75" x 0.084", to produce a global stress. The

global stress provided a common parameter with which to compare the analytical and the

experimental. The analytical section will also include a comparison of the experimental

and analytical progression of failure studies. This analysis will include comparing the

ultrasonic images obtained from experimentation to the progression of failure within the

analytical model.
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A. Basic Properties Tests.

The nonlinear material properties were determined from the panels constructed by

Beta Industries. When this investigation started, the author considered using the Basic

Material Properties determined by Martin 121 in his thesis dealing with Gr/PEEK.

However, the panels used by Martin, Fisher, Daniels, and others were manufactured by

ICI Fibrite in Great Britain and shipped to the United States. The panel used for this

investigation were constructed at Wright-Patterson AFB, OH. It was felt that the

material properties results might differ from those obtained by Martin because tie

location, method, and material batches differed.

The specimens were constructed in accordance with the Test Plan in Appendix C

and were tested in the Instron Machine shown in Figure 4-7. The results were recorded

by the data acquisition system and were compared to the strip chart of load versus

displacement that was generated by the machine. Figure 5-1 shows the specimens after

each of the tension tests. Since each group failed in the same manner, the only point

00 Tension Specimens

Figure 5-1: Basic Material Properties Specimens in Tension
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900 Tension Specimens

±450 Tension Specimens

Figure 5-1: Basic Material Properties Specimens in Tension (cont)

of interest is that none of the specimens failed at the center. They all failed towards the

end of the specimen near the tabs. There was no pattern since in one instance the failure

occurred towards the top tab, and on the next test the failure occurred towards the bottom

tab. This fact is of some importance since the failures occurred away from the gage and
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thus the results obtained do not represent the point of maximum stress for the specimen

and could result in less than accurate properties.

The compression tests were also performed on the Instron Machine in Figure 4-7

using the Rolfes-Sendeckyj Compression Device. The specimens that were tested in the

Rolfes Sendeckyj Device are shown in Figure 5-2.

00 Compression Specimens

900 Compression Specimens

Figure 5-2: Basic Material Properties Specimens in Compression
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All of the 900 compression specimens failed at the center sc the gages were able to record

maximum strain. All but one of the 00 compression specimens failed within the tabs

indicating that the maximum strain was within the tabs. This result could indicate that

there may have been some eccentricity in the application of the load.

The Rolfes-Sendeckyj Device was recommended for compression materials

property testing in an investigation by Daniels and Sandhu [35] of compression fixtures.

Their findings demonstrated that the device produced the most uniform state of stress of

all of the compression test devices by using strips of Teflon under the tabs. This

eliminates areas of high stress concentration within the specimens that could result in

erroneous data. The failure of the material properties specimens occurred beyond the

Teflon strips.

Once the data was collected by the laboratories VAX computer, it was transferred

to an IBM compatible system, and then converted to a Macintosh computer. Within the

Macintosh, the data was striped from the large data file and placed in a tabulbr format.

From there the data was transferred to Wright Laboratory's FDLENG VAX computer.

The files contained the longitudinal stress, longitudinal strain, and the transverse strain.

Because these curves are monotonic in nature, it was felt that a piece-wise cubic spline

could be used to represent the data. The cubic spline is an excellent way of representing

the data since it provides a smooth curve over its entirety and displays continuity of the

first derivative. The first derivative of the curve represents the modulus of the material at

any instance on the curve and is continuous. The five data files were combined into one

curve by running a spline through each one of the specimen's material curves. The

created splines were each feed a descretized set of strains, and the descreti zed stresses

returned by the program were averaged and a spline was run through the average curve.

The average spline curve is the material properties curve for each one of the uniaxial

tests. The modulus for each property was determined by placing an appropriate curve fit
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through the line, and the first derivative was taken to determine the initi~il modulus at the

beginning of the loading cycle. The Poisson's ratio was obtained by the fbrmila:

_E

v12 and V2 1 =!2 (66)
1 2 el

where V, 2 and V21 = the Poisson's ratio.

The piece-wise cubic spline is the best way to represent the material properties curves,

and the spline coincides witm the cubic spline method used in PLNRS.

The values for the moduli obtained were very close to the values recon u1ietded by

ICI Fibrite. A comparison of these values is shown in Table 5-1. These values also

compared favorable with the values obtained by Martin in his thesis. 121

PROPERTY I0 EXPERIIPENTAL DI FF
(PSI) (PSI)

E!1T 20000000. 19619000. 1,94%
E11C 18700000. 18325000. 2,05%
E22C 1480000. 1449400. 2.11%
G12 820000. 754970. ,6_1%

v12 0.30 0.34 1176%

Table 5-1: Comparison of Material Properties

The material properties stress-strain curves and representative data points for each of the

curves are shown in Appendix A. The 900 tension and 900 compression specimens

illustrate why Gr/PEEK is considered a nonlinear material. This is also a good argument

why the Hahn-Tsai method (of a nonlinear material response) is not a valid assumption

for analyzing Gr/PEEK. The ±450 shear tension also provides an illustration of the

nonlinear behavior of the composite. There was even some nonlinear behavior in the 00

tensile loading. In the 00 tension specimen, when the fiber is put in tension, it is possible
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that fiber waviness is present and the fiber is straightening out as the strain increases, as

shown in Figure 2-5.

Most of the gages functioned throughout the loading cycle; only the +450 gages

saturated about two thirds of the way into the loading cycle. When this saturation

occurred the data was interpolated to the end of the loading cycle. Part of the reason for

this saturation occurred was that a rosette was used in which the longitudinal, +450, and

transverse gages were all located on one grid. The longitudinal and transverse gages are

not allowed to function as independent units. It is also possible that the gage's matrix

material could be inducing additional stresses on the gages as the ±450 undergoes a

process known as scissoring. Scissoring occurs when off axis fibers are subjected to a

uniaxial load. The fibers will align themselves parallel or normal to the loading

depending on whether the loading is tensile or compressive in nature. Since the matrix

material of the gage does not have the same material properties as the composites to

which it is affixed, then shear stresses will be generated between the two. In a ±45

specimen, where the specimen undergoes a large amount of displacement, the forces

between the gage and specimen may be so high that saturation of gage occurs and the

gage eventually separates. Fisher discussed this concept of scissoring in his paper. [391

One solution to this problem would be the mounting of two linear strain gages on the

front and two on the back of the specimen. The gages would be mounted so that they are

orthogonal to each other and stresses between the gages and the specimen might be

greatly reduced. This method, however, will not truly measure longitudinal strain;

instead the gage will rotate when the specimen starts to scissor and the data may need to

be transformed at the end of the loading cycle. Another possibility is the use of an

extensometer to measure strain, but this would be an area measurement and not a point

source measurement like that produced by a strain gage.
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B. Boeing Open Hole Compressive Fixture

As stated earlier in chapter 4, we were attempting to induce a planle s•,'ess

compressive loading on the Boeing specimens. There were five different types of

specimens tested in the device. Three separate types of tests were conducted in the

Boeing fixture: a test for possible failure modes; tests of the ultimate compressive

strength of Gr/PEEK specimens; and a progressive failure study that included the

compression of each layup to 90% or 95% of its average ultimate load. The results of

each test will be discussed individually.

(1) Initial Testing in Boeing Fixture

The first set of tests were conducted to determine the possible failure modes, an

idea of what the ultimate strength of each layup might be, and any possible problems that

could arise from the use of the Boeing device. A proczdure for loading the specimens

into the device was developed. The modifications made to the fixture were validated to

insure that the gages would fit within the cutout areas.

The Boeing fixture contains a total of 42 parts, each of which must be perfectly

aligned to insure that the loading applied is not eccentric in nature. The first thing that

had to be completed before the device could be modified as shown in Figure 4-11 was to

insure the composite material would not buckle out of the device. The modification was

validated by modeling the open areas as a simply supported column and using the

modified Euler Buckling Formula (16). The value of the Euler compressive stress was

checked against the ultimate strength of the composite. Since the ultimate strength of the

composite was lower than the Euler Buckling load, it was assumed that modifications

would not induce any instability into the device or any undesirable failure modes, such

as those mentioned in Chapter 2.
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The 00, 900, 00/900. ±450, and 001±45°/900 specimens were all tested in the

Boeing Device. No end brooming was observed in any of the specimens. All the

specimens failed by a horizontal crack that formed at the edge of the hole perpendicular

to the loading direction. The possible failure modes are each shown in Figure 5-3.

Figure 5-3: Failure Modes Encountered During Initial Tests
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Figure 5-3: Failure Modes Encountered During Initial Tests (cont)
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Figure 5-3: Failure Modes Encountered During Initial Tests (cont)

The ±450 specimen did not fail within the device. Instead, the gap between the two

halves of the Boeing fixture closed before the specimen failed. The device was modified

by cutting down the gap by 0.0625". Another ±45' specimen was tested in the same

manner and again the specimen did not fail even though some closed form

approximations indicated that the specimen would fail. These results are probably due to

the fact that these methods do not take into account the nonlinear behavior of the

material. The device was modified once again, removing 0.0625" from the gap. The

results of this modification will be discussed when the results of the ±450 ultimate

strength tests are addressed in Section 2. The second series of tests were conducted

within the Boeing fixture as well, and were intended to determine the ultimate strength of

a Gr/PEEK specimen with a centrally located discontinuity.
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(2) Ultimate Strength Compression Testing in the Boeing Fixture

As previously stated in Chapter 4, the Boeing Open Hole Compression fixture

was adopted by SACMA as the recommended device of open hole compression teshing.

[32] There exist several disadvantages to this device. For one thing, it requires a large

amount of material and at $400 a pound for Gr/PEEK the amount of material required

could cause financial hardships. A complete analysis of the Boeing fixture and its

performance will be included the conclusions in Chapter VI.

(a) [00116 Unidirectional Specimens

Six tests were conducted to determine the ultimate strength of 0() unidirectional

specimens. The results of these tests are listed in Table 5-2. There were significant

[0116
SPECIMEN # LOAD EXPERIMENTAL TYPE OF

(LOAD) STRESS (PSI) FAILURE

1 5990.02 47135.82 CRACK
2 5965.81 46985.98 CRACK
3 7005.74 55822.63 SPLIT
4 6412.52 50893.02 SPLIT
5 6534.38 52066.77 SPLIT
6 5862.24 46496.19 CRACK

AVERAGE 6295.12 49900.07
STD DEVIATION 439.30 3700.72
AVG CRACK 5939.36 46872.66
STD DEV 67.87 334.53
AVG SPLIT 6650.09 52967.47
STD DEV 313.30 2575.05_

Table 5-2: Ultimate Strength of 00 Specimens

occurrences in these tests. Three of the specimens displayed a crack at the hole similar to

the failure modes shown in Figure 5-3. The other three specimens exhibited a

longitudinal split at the edge of the hole traveling in a direction parallel to the load, as
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shown in Figure 5-4. The splitting occurred at a higher ultimate load than the trainvcrse

cracking. The time versus load curves, produced by the Instron Machine (Figure 4-8,

Figure 5-4: 00 Specimen Exhibiting Longitudinal Splitting

did not display any difference in the shape or the slope of the curve between the cracked

and split specimens except that split specimens failed at a higher load. Both of the failure

modes exhibited dynamic behavior. The failure was instantaneous, with the load

dropping off by 1000 lb. on average and then leveling off for approximately 2 seconds

until the test was stopped. The tests were stopped to preserve the end of the specim•e so

that it could be examined with a Scanning Electron Microscope. Graphs of the hole

strain versus far field strain for both the transverse and longitudinal data are shown in

Figure 5-5. Because of the two failure modes the specimens have been graphed by

failure. For reasons of continuity, each specimen's data points are grap)hed with a line

passing through the points and each test has been specified in the legend.
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The author's first consideration was whether the fixture was inducing an eccentric

loading on the specimen which might cause the specimen to separate into two distiu%!

0.5" wide plates with an unloaded 0.5" wide segment in the center. Since all the other

specimen testing in the initial test exhibited horizontal cracks, it was felt at the time that

the split was the result of an eccentric loading pattern. However, since the ultimate load

was higher for the splits, the author investigated the possibility that this \wýas a valid

failure mode. The cracking is probably manifested by the formation of a kink band in the

specimen that collapses into the hole. The inherent waviness of the fibers within the

composite can exacerbate the compressive loading. The specimens, where splitting

occurs, transform from one specimen with a centrally located discontinuity into two

separate loaded plates that are 0.5" in width. If the specimen was eccentrically loaded in

compression, and one of these two panels was subjected to the load then is it quite

possible that this failure mode would have resulted. As odd as it seems, it is probable that

the eccentrically loaded composite panel would fail at a higher load. After discussing this

failure mode with several engineers, including Mr. Zambora of Boeing arid Dr. Mark

Shuart of NASA Langley, it was concluded that this failure mode was valid and possible

for these loading conditions.

The splitting phenomenon was observed by Martin [21 in his work dealing with

tension. While the results of his thesis were inconclusive as regards to the longitudinal

splits, Sandhu continued his research and discovered that the splitting could be the result

of a shear stress around the hole. To check this theory, he placed gages on two specimens

with a hole as shown in Figure 5-6. Then his specimens were loaded to failure in tension

the splitting occurred and the changes in strain were recorded. The gages in Figure 5-6

recorded the results of the testing. Those gages normal to the loading direction displayed

a marked increase in strain when the splitting occurred. Those gages parallel to the

loading direction recorded much different strain values as the specimen approached

failure. As the splitting occurred, the gage above the split in Figure 5-6 showed an
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increase in strain, while the gage at the bottom of the split showed a rapid decrease in

strain to the point that it was almost unloaded before the test was stopped. The "two-

plate" theory could have been tested, if the loading had been allowed to proceed after the

splitting occurred. However with the obstructions of gages and restraint plate within the

Boeing fixture it was extremely difficult to determine the failure mode until the specimen

was removed from the apparatus. The removal procedure usually resulted in the

debonding of the strain gage, thus obtaining more strain information was impossible.

"KR"

SPECIMEN #1 SPECIMEN #2

Figure 5-6: Location of Split Gages

It is the author's opinion that when the shear stresses exceed those of the matrix,

the split forms at the hole edge and quickly propagates up the length of the specimen

towards the loaded ends. Since the specimen was not broken into two separate pieces

during the procedure it could not be surveyed by the electron microscope, without

destroying the failure areas. The failed specimens were investigated using an ultrasonic

analysis. The results of the specimens tested is shown in Figure 5-7. The examination

failed to detect even traces of the initiation of a horizontal crack in the specimen. As seen

from specimen #5 the crack formation was not always symmetric in nature and as a result

could not be predicted.
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Figure 5-7: Ultrasonic Images of 00 With Split

The formation of the crack is an entirely different type of failure phenomenon.

Like the split, the failure of the specimen is almost an instantaneous occurrence.

However, horizontal cracking seemed to have more audible popping occurring before

failure. The specimens that cracked normal to the load were examined with the electron

microscope. There were several features of note.

The locations of the scans of the 00 and the photographs are shown in Figure 5-8.

The first view was taken on the end of the specimen looking into the edge of the hole.

This photo, #5, shows that the failure occurred by the formation of a shear plane. The

angle of the plane is estimated from the photos to be approximately 650 from the loading

direction. This type of failure feature was observed by Purslow 1331 in his fractographic

study of Gr/PEEK. The fibers at the center of the failure plane seem to have been bent at

an angle of 300 from the normal, roughly perpendicular to the shear plane. A close-up

view of the region, #6, indicates that part of the composite failed into the hole during the

initiation of failure.
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#5

#2 #3 #4

LOADING #1 -#6
DIRECTION A = Off

Y 0 is the angle of the failure plane

Location of SEM Photographs

#5

Figure 5-8: SEM Photographs of 00
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#6

#4<

Figure 5-8. SEM Photographs of 00 (cont)
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#1

#2

Figure 5-8: SEM Phtcographs of 00 (cont)
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#3

Figure 5-8: SEM Photographs of 00 (cont)

The failure seems to start at the edge of the hole and then progress towards the

edge of the specimen. This is evidenced by photo #4 that clearly shows a compressive

failure of the fiber followed by a tensile failure of the matrix. The small spikes of matrix

material show the tensile failure of the matrix and the direction of the spikes, toward the

outer edge, indicate the direction of failure. A close examination of the fiber ends shows

a compressive-tensile failure at the surface indicating that the shear plane created flexure

in the fibers resulting in their breakage. Photo #1 is also interesting because it shows a

type of failure where a layer of fibers has broken away from a ply and is bent over onto

the failure surface. Fibers oriented at 00 are visible at the bottom of the picture showing

the true direction of the fibers.

There is also some delamination present in photo #2 that shows the other end of

the failed specimen. This could be due to the concentration of stress towards the end of

the specimen right before the specimen breaks into two parts. At the end of the specimen

the angle of the failure plane can still be measure at approximately 65° for the loading
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direction as seen in photo #2. The fibers at the end of the specimen appear to be bent

over approximately 250 from the loading direction and appear almost perpendicular to the

failure plane.

Of all the specimens tested only the 00 specimens exhibited any inconsistency in

the final failure mode. The 900 showed a consistent failure surface in each one of the

specimens tested.

(b) [900116 Unidirectional Specimens

All six of the 900 specimens displayed the same type of failure surface. The

specimens however did exhibit some deviation in the ultimate strength. The results of

these tests are listed in Table 5-3

[90]16
SPECIMEN # LOAD EXPERIMENTAL

(LB.) STRESS (PSI)

1 2448.41 18190.27
2 2357.72 17984.13
3 2569.11 20071.17
4 2554.61 20115.04
5 2327.13 17696.81
6 2382.65 18328.08

AVERAGE 2439.93 18730.92
STD DEVIATION 102.64 1076.45

Table 5-3: Ultimate Strength of 900

As seen in the material properties tests, in compression testing 900 specimens

have a much lower compressive strength than the 00 specimens. When the fibers are

normal to the loading direction, the matrix is the component that is resisting the applied

load. Since the PEEK matrix material is not an extremely brittle material and exhibits

extensive material nonlinearity, the stress-strain response of the specimens is nonlinear.

The Instron strip chart shows good continuity between each of the six specimens.

However specimens # 1,3,4 display an odd increase in the slope of the line approximately
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95% - 98% of the ultimate recorded strength. Also the load data obtained by the data

acquisition system showed a large increase in load before failure in the last four seconds

of the test. It is possible that the compressive displacement of around 0.20011" of the

fixture may have been so great that the gap within the fixture closed. The initial gap of

the fixture before modification was 0.22" and there may have been more displacement

than recorded by the strain gages. The difference between the point where the slope

changes and the ultimate strength is only 75 lb., but it is possible that this difference

effected the ultimate strength of the specimens.

The longitudinal stress-strain responses for the hole and far field are shown in

Figure 5-9.
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Figure 5-9: Graph of Far Field and Hole Strain for 900

There are several interesting points of note in both graphs. In the longitudinal graph, the

specimens that exhibited the jump in load at the end of the loading cycle also exhibited a

jump in the strain data. The far field gages in specimen #3 seem to have failed by

separating towards the end of the loading cycle.
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All specimens were visually inspected and checked under a conventional

microscope to determine if there were any differences in the failure surfaces. The

specimen selected seemed to best display the various failure modes formed within the 900

specimens. The pictures were taken while looking down at the specimen as shown in

Figure 5-10.
03

#2

LOADING
DIECTION

L Y a is the angle of the failure plane

Location of SEM Photographs

#1

Figure 5-10: SEM Photographs of 900
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#2

#3

Figure 5-10: SEM Photographs of 900 (cont)
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#4

#5

Figure 5- 10: SEM Photographs of 900 (corn)
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The first photo, #1, shows a side view of the failed area indicating the fornatioll

of a clean shear plane that was formed during the failure of the specimren The angle of

the shear plane is approximately 250 for the loading direction. The cracked portion at the

tip of the specimen is not a result of the quasi-isotropic loading of the specimen, but

rather a post damage effect of its dynamic failure. The next photo, #2, shows that, unlike

the 0° specimen, the failure was not precipitated by collapsing into the hole. The photo

shows a small lip of matrix material and crushed fibers away from the edge. but for the

most part there is continuity of the fibers.

There were several areas of interest in the composites that were not part of the

normal shear plane. In photo #3 there seems to be a bundle of fibers that separated from

the rest of the surface and is bent down. This condition may either be a post damage

effect or a case where there was a little delamination in a ,Ay that was subseouently bent

down when failure occurred. The bundle has a width of around 0.0105" which is

extremely close to the thickness of two plies. There is -.. Xence in photo #4 of

disarray of the fibers. This effect may either be an imperfection in the composite at the

location or a post damage effect.

Photo #5 shows the type of failure surface that was seen over most of the surface.

At the top of the picture there is an indication that some fibers were crushed during the

loading. The picture also demonstrates that the matrix adheres to the fiber during and

after failure. This adherence is an indication of the good fiber-matrix interface mentioned

in Chapter 1 and provides validity to the macromechanical approach. This pictures also

reveals some of the character of a "slow-ductile" failure that was observed by Purslow in

his look at shear failures. [341

These photographs exhibit the type of material failure that could be expected from

any composite that is dependent on the nonlinear properties in its matrix. The types of

failures that were present in the 00 and 900 would probably be present in a composite that

is constructed with plies of these orientations.
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(c) t0°/900°4s Crossply Specimens

All six of the crossply specimens exhibited a horizontal crack created at the hole

which seems to be the dominate failure mode for most of the specimens. There was also

some deviation in the failure values from the mean as shown in Table 5-4.

[0/9 0 14S
SPECIMEN # LOAD EXPERIMENTAL

(LB.) STRESS (PSI)

1 4117.35 32445.63
2 4249.50 32789.35
3 4064.80 31559.01
4 4484.96 34184.15
5 4050.21 30823.52
6 4272.07 32364.17

AVERAGE 4206.48 32362.26
STD DEVIATION 165.01 1142.71

Table 5-4: Ultimate Strength of Crossply Specimens

The [00/900]4s specimens exhibited an extremely linear behavior as shown by the

strip charts produced by the Instron Machine. All of the tested specimens exhibited a

strange discontinuity at approximately 300 lb. into the loading cycle. There seems to be

no logical reason to assume that the discontinuity is related to something within the

specimen. Instead the author feels that it may be some sort of a settling effect within the

fixture since the fixture is secured to the specimen by torquing the bolts that hold it

together.

The stress-strain data was checked to insure that the discontinuity was not

recorded during the collection. There is no evidence that this atiomaly was related to the

specimen. The linearity of the data was clearly evident in the graphs comparing the

stress-strain response in Figure 5-11. Only the transverse strain at the hole exhibited any

5-29



behavior that was nonlinear in nature. Another point of interest within these curves is

that the transverse data is of much lower order in magnitude than the longitudinal data.

This behavior is more in line with the response of the 900 specimens than the 00

specimens. Both the #3 and #4 specimens displayed more nonlinear behavior at the hole

than did the others. There is no real explanation for the anomaly, but by studying the raw

data it appears that one of the gages may have been malfunctioning due to a discrepancy

in the two gages at the end of the loading.
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Figure 5-11: Graph of Far Field and Hole Strain for 00/900

All of the failure ends were examined and four of the six specimens exhibited a

dual planed failure surface. The locations of the photographs are shown in Figure 5-12.
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Figure 5-12: Crossply SEM Photographs

5-31



#2

#3

Figure 5-12: Crossply SEM Photographs (cont)
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#4

#5

Figure 5-12: Crossply SEM Photographs (cont)
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#6

#7

Figure 5-12: Crossply SEM Photographs (cont)
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The view in photo #1 shows a large amount of catastrophic failure at the hole as

evidenced by the delamination at the edges of the hole. The white lines along the edge of

the specimen shown in photo #1, and seen more clearly in photo #2 at the end of the

specimen, indicated that delamination did occur within the specimen. The failure in #1

appears to have been precipitated by the failure of 0' plies into the hole and the edge of

the hole seems to expanded by 0.0184" in the horizontal direction. The sections between

the white lines have a thickness of approximately 0.0105" or two plies of thickness. This

delamination only occurred in the left half of photo #2. It appears by the depth of each

crack that there was some bending taking place in the left half that caused this

delamination. The delamination occurs at the meeting of a 00 ply on the right with a 90P

ply on the left. It is possible that as the failure plane on the right formed it caught the

failure plane on the left side causing the left portion to bend resulting in the delamination

and the fracturing of the center section.

The next photo, #3, shows a view of the entire end of the specimen. Of note is the

center section that seems to have separated from the rest of the specimen. Also clearly

visible are the different types of plies of the specimen. The failure surface seems to be

oriented in the direction of the left side of photo #2. There are several areas, visible in

both photos, where portions of a 00 ply have been snapped off and have slid down the

failure surface. The 90' plies seem to be in the best shape. In photo #4 an interesting

phenomenon is present. The failure surface seems to have been driven through a layer of

900 plies preserving the matrix and protecting the fibers. This result also demonstrates

the slow ductile failure that was observed by Purslow 1341. The direction of the failure

can be determined by the direction of the ripples in the matrix. This failure could be

expected since PEEK tends to be a ductile material and the loading was quasi-static in

nature.

Photo #5 is a close view of the failure that occurred at the mid-field of the failure

surface. The 00 fibers seem to have been broken and displaced in clumps. At the same
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time the 900 fibers seem to be intact and a substantial amount of PEEK is still present on

the fiber's surface. The next two photographs show the failure effects at the edge of the

hole. Photo #6 show the occurrence of a shear failure on the left of the photograph. The

sharpness of the spikes of the PEEK that have pulled away from the surface of the 900

fibers indicates that this is not a "slow-ductile" failure. These spiking waves would seem

to indicate that the shear wave traverses the specimen at a much faster rate in this area.

The waves may be the initiation point of failure since the 00 fibers that are visible to the

right of the 900 ply seem to be crushed and unable to support any type of ioad.

The final photo, #7, is at the very edge of the surface of the hole and shows the

same compression-tension failure that was observed in the 00 specimens. The fibers were

crushed and shifted away from the failure surface. The 900 layer next to this 00 layer has

been bent down towards the edge of the hole.

The linearity of the curves demonstrates that this type of lay-up is not as nonlinear

as the 900 layup. The nonlinear behavior of the 900 layers seems to be counteracted by

the 00 layers resulting in this linear behavior. The delamination that is visible is probably

due the dynamic failure of the composite and is a post damage effect.

(d) [±45014S Shear Specimens

The ±450 specimens were the most difficult of all the composite layups to test.

Because the fibers were neither parallel nor perpendicular to the loading direction, they

did not support the load directly; instead it was transmitted from fiber to fiber and to the

matrix by shear forces. In addition, as the load increased and the specimens were

compressed, the fibers tended to move towards an alignment that was perpendicular to the

direction of the loading as shown in Figure 5-13.
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Before Loading During and After Loading

Figure 5-13: Scissoring of the Fibers of a Shear Specimen

The dynamic effect results in some of the energy introduced into the composite

being dissipated by the rotation of the fibers. This effect occurs in just about any

composite where the fibers are oriented off of the loading direction [39]. This dynamic

effect is not accounted for in any of the closed form solutions discussed in the

Compressive Mechanics section of Chapter 2, but could account for a large amount of

energy introduced into the composite.

Because the scissoring results in a substantial amount of displacement of the

specimen, the concern of the author was that the fixture would close before the specimen

failed. The device was modified by removing 0.0625" from the gap to increase the

amount of displacement the specimen should experience. After the initial test another

0.0625" was removed from the gap and another shear specimen was tested. The load on

the specimen increased to 2300 lb. and dropped off, but then continued to increase until

the fixture closed. (Closure of the device is determined to the point at which the graph

transitions from the material curve to a curve with an extremely steep slope.) The

specimen did not fracture into two pieces so it was assumed that failure did not take

place.

The scissoring effect was observed by Fisher in his investigation of tension

[28,391 . This effect also lead to difficulties in collecting data because it causes saturation

of the hole gages at approximately 65% of the maximum load obtained from the device.

The results of the testing are shown in Table 5-5, but this may not represent the ultimate

strength of the composite.
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[±4514S
SPECIMEN # LOAD EXPERIMENTAL

(LB.) STRESS (PSI)

1 2858.93 21463.44
2 2685.25 20608.21
3 2804.38 21632.06
4 2793.01 21353.29
5 "'642.58 20049.92
6 T56._78 19430.58

AVERAGE 2725.16 20756.25
STD DEVIATION 111.60 883.38

Table 5-5: Maximum Strength for Shear Specimens

As mentionrcd before in the Material Properties Section of this chapter, the use of

a stacked ro.,ýtte may not be the most logical gage for the loading of a shear specimen.

However, at the hole, it is necessary to approximate the strain at a point so it can be

compared to the results of the finite element code. The hole almost closes as the

composite is displaced. The large displacements also cause the gage not only to saturate

but to separate at around 80% of the maximum recorded load. The far field gages, on the

other hand, continue to record data until the maximum load is reached.

The shear specimens displayed an interesting phenomenon of symmetry between

the transverse strain and the longitudinal strain. The results of the stress-strain data can

be seen in Figure 5-14. The discontinuity in the graph of specimen #4 resulted from the

switching of the load range during the testing and is not materials related, but could

account for the reason it displays a stiffer behavior than the rest of the specimen.
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Because these specimens did not fracture into two pieces, the failure surface could not be

observed with the Scanning Electron Microscope, but was inspected with a conventional

microscope and with an ultrasound investigation procedure.

The mc,,t notable feature of each of the failed shear specimens was the

deformation of the hole. The hole was deformed from a circle of 0.5" diameter to an

ellipse with a major axis, 2a, of 0.5625" and a minor axis, 2b, or 0.4375". The area of the

hole seems to have changed from about 0.785 in2 to 0.773 in2 . The width of the

specimen increased by around 0.0625" at the mid plane of the ellipse. This dimensional

change seems to be constant throughout the six specimens tested.

#1 #2 #3

#4 #5 #6

Figure 5-15: Ultrasonic Images of ±450

5-40



There was delamination visible at the mid-plane of the specimen where it appears

that one half of the specimen was forced into the other half. The edges of the specimens

developed a shear plane from the hole to the outer edge. The shear plane at the edge of

the specimen displays little or no delamination, while the edges that do not have the shear

plane display no damage. The tested specimens were subjected to an ultrasound

inspection to determine if there were any internal flaws that were not visible on the

surface. The results of these investigations are shown in Figure 5-15.

The images show that there was not much consistency in the direction of failure

from one area to the next. The areas of the picture that are red indicate that the

ultrasound signal was reflected directly back to the transducer and represent areas of

extremely high density or openings in the specimen. As can be seen all the specimens

suffered the same type of fracture. The failures in specimens # 1, 3, 5, and 6 occur at an

angle that is 420 from the horizontal. Only the #2 specimen displayed cracks that started

at the hole and progressed to both edges of the specimen. However specimens # 3, 4, and

5 show evidence of this crack forming and starting to progress towards the outer edge. A

close observation of the pictures shows areas of substantial damage originating at angles

of ±450 from the hole. If the specimen could have loaded until it fractured into two

pieces, it is quite possible that all the specimens may have developed cracks that were

±450 and ± 135' from the horizontal.

Another interesting occurrence on each of the specimens was the development of

a large red area on the ultrasounds that was located on the major crack. This area appears

to be a location where the composite material has bulged out caused by the pushing of

one half into the other.

Specimen #2 was separated by hand and the failure surface was observed. A true

analysis of the fiber surface could not have been performed by the SEM since some of the

damage was introduced by the separation process. However, several gross area

conclusions can be drawn from the surface. First, while there was delamination around
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the edge of the hole there was no delamination or damage at the top or bottiml of the hole.

.he delamination seemed to proceed from the holes edge for about 45) around the

surface of the hole until it tapers off. The failure plane appears to be just onc surface

instead of the two observed in the crossply and is at a 450 angle towards the edge of the

hole. Near the edge of the hole the surface appears to be matted down or crushed, while

away from the hole the fibers were still standing. When the specimen was separated,

there was much audible popping heard from the failure surface. This sound indicates that

even though a shear plane had developed within the specimen many of the fibers had still

not failed and were, to some degree, still supporting the imposed loaded.

The use of ±4'" plies also contributed to the resistance of interlamina shear forces

that can be generated when a composite is loaded in tension or compression. They will

provide some assistance to the [00/±45 0/90 012S specimens that were tested in

compression.

(e) 100/±450/90012S Quasi-isotropic Specimens

All six of these specimens exhibited a horizontal crack at the hole similar to the

type of failure exhibited by most of the other specimens. As in the others, there was a

large amount of deviation in the result from one specimen to the next. The first specimen

exhibited a load that is much lower that the rest of the specimens as shown in Table 5-6.

The quasi-isotropic specimens exhibited the same type of linear behavior that was shown

by the crossply specimens. The discontinuity that was apparent in the crossply specimens

at the first part of the loading cycle was present, but to a lesser degree. It seemed to occur

around 300 lb. into the loading cycle and did not appear in the recorded data. The curves

displayed some nonlinear behavior at approximately 100 lb. from the ultimate strength.

In addition, after the failure occurred the load on the specimens dropped off immediately.

The linearity of the data is clearly visible in Figure 5-16. The transverse strain at the hole

exhibits the most nonlinearity with the curve changing drastically at the end of the
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[0/±45/901 2S
SPECIMEN # LOAD EXPERIMENTAL

(LB.) STRESS (PSI)

1 3978.37 31325.75
2 4647.21 36165.06
3 4711.77 35286.23
4 4449.93 33060.40
5 4334.79 32567.92
6 4482.95 33859.14

AVERAGE 4434.17 33710.75
STD DEVIATION 261.81 1785.78

Table 5-6: Ultimate Strength of Quasi-isotropic Specimens

HOLE AND FAR FIELD LONGITUDINAL STRAIN
[0/±45/901

40000" .9-- t
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Figure 5-16: Graph of Far Field and Hole Strain for 0O/±450/900
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Figure 5-16: Graph of Far Field and Hole Strain for 00/±45D/900 (cont)

loading cycle. The longitudinal strain at the hole also seemed to lose its continuity

towards the end of the loading cycle because of the formation of the crack and the

jamming of the two pieces together as the specimen fails. The amount of movement of

the failed planes is not as much as in the other specimens, possibly because the ±450

fibers still support some of the load after the failure plane has developed.

Because of the nature of the failure of composites and because this particular layup

con:ains four separate orientations of plies, the failure modes were not as clearly defined

as the other layups. Figure 5-17 shows the location of the photographs.
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LOADING #I 0ll #6
DIRECTION

x

0 is the angle of the failure plane

Location of SEM Photographs

#1

Figure 5-17: SEM Photographs of 00/±450/900
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#2

#3

Figure 5-17: SEM Photographs of 00/+450/900 (cont)
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#4

#5

Figure 5-17: SEM Photographs of 00/±450/900 (cont)
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#6

Figure 5-17: SEM Photographs of 00/±450/900 (cont)

The first photograph shows the end of the specimen facing the hole. Many failure

modes exist in this section and clearly some delamination has occurred at the hole edge.

The overall failure angle is measured at 490 from the loading direction. The mid-plane of

the specimen consists of a portion of the two 900 laminates that seems to have separated

from the rest of the laminate and is sticking up at an angle that is roughly normal to the

shear plane. In addition, the 00 ply on the top outer edge still appears to be intact and has

separated from the adjacent +450 ply.

A close-up of the hole edge is shown in photo #2. What can be distinguished

from this jumble of fibers is that around the bottom of the hole's edge it seems that many

of the plies have delaminated. It would appear that the failure may have originated at the

top of the specimen and progressed down to the bottom of the specimen. The matrix still

seems to adhere to the fibers indicating the strength of the fiber-matrix interface. Some

crushing of the fibers is visible at the top between the two bundles of fibers towards the

middle of the photo.
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The crushing of the fibers is also visible in photo #3. This photo was taken at the

mid-plane of the failure surface and is a good representation of the type of failure surface

that was visible around the middle of the specimen. A bundle of fibers seems to have

broken off. This crushing of the fiber is evidenced all over the specimen, but it seems to

be the dominate feature in the middle of the specimen.

The other area that had a distinctive type of failures is the outer edge of the

specimen. The crushed fibers are present all over the surface, but at the edge a bundle of

fibers seems to have separated from the rest of the ply and may indicate the formation of

a kink band that could have resulted in the failure of the composite. The kink band has

been studied by many and is commonly defined as the horizontal or out-of-plane

displacement of fibers that may result in failure of a composite structure. Crippling of the

fibers is also visible at the top edge of the hole. Crippling of the fiber can be defined as

the buckling of the fiber with the displacement of the failed ends in a direction normal to

the loading. The layer that is visible is a 00 ply that has fractured at the top and has been

displaced at the bottom of the picture.

The final picture, #6, displays clearly the shear plane that was found in the first

photograph. The angle measured is still 490 from loading direction indicating that the

plane remains somewhat constant throughout the length of the failure surface. The same

delamination is also present but it is not as prominent as in the crossply, possibly due to

the addition of the ±450 plies to assist in supporting the shear stresses that develop

between the plies. In several areas the uniformity of the failure slope has been disrupted

by the removal of material. This disruption may be the effect of the crushing of the fibers

and the resulting loss of the material which may become loose after the failure occurs.

When the specimens were removed from the Boeing fixture, many flakes and chucks of

the composite came out with it.

In one area at the bottom of the failure surface, a ply appears to be bent over. This

ply was inspected and appears to be a -45' ply that suffered shear failure along the fiber
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plane and may have caught the upper failure surface and was bent. There is no indication

that the fibers of the -45' ply were broken or crushed, just their direction was changed.

Of all the specimens examined the failure mechanisms of the quasi-isotropic

specimens were the most difficult to distinguish. The predominate features of these

specimens were the appearance of crushed fibers and the accompanying delamination.

The delamination may be the result of the failure of the specimens and could be

considered post failure damage. The failure modes of the shear specimens were rather

difficult to distinguish since the specimens failed to fracture into two separate pieces.

What was visible was the formation of ±450 fracture surfaces that have a 450 plane. The

hole deformed to an elliptical shape. The stress-strain response seemed to be symmetric

for both the transverse and longitudinal strain.

The crossply specimens had several distinctive failure modes including a tension-

compression failure of the composite. They exhibited delamination as a result of the

formation of two separate shear planes, each of 450, again this may be a post failure

damage. There is also an indication of "slow-ductile" failure towards the midplane of the

specimen and of a faster type of matrix ductile failure near the hole. There was also some

evidence of a fiber crippling, but no distinctive kink bands were located.

The two unidirectional specimens produced entirely different results. The 900 has

a very distinctive failure surface that did not vary greatly from specimen to specimen.

While there was some displacement or twisting of some of the plies there was no

distinctive failure mode which indicates that such displacement was the result of post

failure damage and not actual failure modes. Moreover, crushing of the fibers occur on a

local scale. The failure surface was also around 240 from the loading direction and the

surface on the whole was rather clean.

The 00 produced two distinctive failed specimens: a splitting failure at the hole

and a horizontal cracking at the hole. The angle of the crack in the shear plane was

approximately 650 from the loading direction. Also some compression-tension failure of

5-50



the specimen at the midplane of the specimen was present. There was a realignment of

the fibers from 0' to an angle of 450 at the top of the specimen on the edge and some

areas where the fibers were bent, but there was no distinguishable kink band formation.

The vertical split occurred at a higher load than the horizontal cracks. When specimens

were examined using ultrasound, there were cracks visible around the edges of the hole

and more splits appeared to be in the process of forming before the loading was stopped.

These failure modes were not distinctive in nature and were hard to quantify.

The results of these tests leads the author to believe that the progression of failure

of a composite can be predicted using a finite element code rather than closed form

methods, like those mentioned in Chapter 2

(3) Progression of Failure Testing in the Boeing Fixture

The progression of failure study was conducted after the testing of each of the

ultimate strength ply layups. An average of all the ultimate compressive loads was

determined and the standard deviation was checked. If there was a large amount of

deviation of one specimen from the rest it was removed and a new average was

computed. The average computed was multiplied by 0.9 and 0.95 respectively to obtain

the level at which the loading would be stopped. The Instron Machine's strip chart was

annotated to show the level at which the loading was stopped for each specimen.

In retrospect, what should have been done was to divide each ultimate strength

specimen by its cross-sectional area and average the ultimate stresses. The 90% and 95%

load could then be determined by multiplying the average ultimate stress by the

individual specimen's cross-sectional area. This method would have removed the

problems associated with the variations in thickness experienced by each specimen and

eliminated some of the earlier failures that occurred in this testing.
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Of the nineteen specimens used in this test, five failed before they reached the

prescribed load: four of the five specimens were unidirectional, two 00 and two 900. The

fifth was a 00/900 cross-ply specimen. These failures caused some concern on the part of

the author who consulted with Dr. Edvins Demuts of Wright Laboratories Flight

Dynamics Division. Dr. Demuts, who has worked extensively with Gr/PEEK, stated that

it tends to show a large amount of deviation in the final failure loads and that a

unidirectional layup may be more sensitive to loading than a multi-directional layup t351.

(a) [00116 Unidirectional Specimens

Referring to Table 4-1, for the 00, specimens #7 and #10 failed before they could

reach the prescribed load. The specimens that did not fail were unloaded and investigated

using ultrasound. Specimen #8 was loaded to 6000 lb. and showed no visible damage

when removed from the fixture. The results of these investigations are shown in Figure

5-18. Dark lines appear on the left edge of the hole running paralh,.1 to the fibers that

could possibly indicate the formation of a longitudinal split. There is no visible

indication of a horizontal crack.

Two of the specimens, #9 and #11, were loaded to 6220 lb. or 95% of the

computed ultimate load. Once again there is no visible damage present in these

specimens; however, the ultrasound scans in Figure 5-18 show that there are several

regions of damage. A vertical split appears to be forming on the right edge of the hole in

specimen #9, as well as a split forming on the left edge at the hole in specimen #11. The

absence of visible damage in these two specimens seems to indicate that the splitting

failure is an instantaneous phenomenon. Each of the tested specimens would have failed

from vertical splitting and not from horizontal cracking. The two specimens that failed

both failed due to horizontal cracks. An ultrasound ply-by-ply image was taken of
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specimen #10. The image was a grouped ply analysis that looked at a group of four plies

at a time. This is shown in Figure 5-19.

90%

i

#7 #5

95%

#9 #11

Figure 5-18: Ultrasonic Images of 00

5-53
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DIRECTION

IMAGE #3 IMAGE #4

Figure 5-19: Ply-by-Ply Analysis of Specimen #10

Some vertical splitting is visible in this specimen, but it is not present in any of

the other specimens that failed by cracking. At the top of image #2 there is some

indication of delamination (white areas) within the plies at the top edge of the hole. (The

area that is approximately at an angle of 1350 for the cracked surface is a dust speck that

landed on the specimen during the scanning.) There is no visible damage in the third

group plies. The fourth group of plies shows some amount of vertical splitting as well as

some other damage that may be post failure damage. The unidirectional specimens

created the most erratic results of all the specimens tested.
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(b) 1900116 Unidirectional Specimen

Only three specimens were available for the 900 progression of failure study

because of problems in the fabrication process. Of the three specimens used, two failed

before reaching the 90% load of 2150 lb, thus failing considerably lower than the six

ultimate strength specimens tested. The final specimen, #10, was stopped at 90% of load.

As can be seen from the ultrasound image in Figure 5-20 the specimen was

probably within milliseconds of failing completely. The shear plane has already formed

on the left side of the hole and the specimen had become two separate parts on the left

iA

LOAD ::• !-l

DIRECTION

Figure 5-20: Ultrasonic Images of 900 Specimen

side of the hole. The right side of the hole shows areas where the horizontal crack was

starting to form. This would seem to indicate that the unidirectional specimens tend to

fail very quickly and are rather more sensitive to loading conditions.

(c) t0°/90014S Crossply Specimens

The next set of specimens tested was the 00/90' layup. Only one specimen failed

before the prescribed load was reach. Ultra sound was performed on the specimens and

the results are shown in Figure 5-21. The most interesting failure feature of these
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#11 #12

Figure 5-21: Ultrasonic Images of 00/90' Specimen

specimens can not be seen in these images, but was observed in the ply-by-ply analysis

that was conducted on specimen #12 which will be discussed subsequently. There seems

to be no indication of any damage on specimens #9 or #8 occurring before the loading

was stopped. A visual inspection of the specimens revealed that an extremely small crack

was present on the surface of the hole on specimen #8. The crack is at the same angle as

the shear plane that was formed on the surface of failed specimens. The pink ring around

the nole is the electronic noise that has been generated by the hole and the crack may

have been obscured by this noise.
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In specimen #10 the ultrasound image reveals a damaged area at the hole and a

dark line emanating from the hole towards the edge of the specimen. There was no

visible damage at the edge, but cracking was present on the surface of the hole at the

same shear plane angle. The ply-by-ply investigation of #10 is shown in Figure 5-22.

IMAGE #1 IMAGE #2

LOAD
DIRECTION

IMAGE #3 IMAGE #4

Figure 5-22: Ply-by-Ply Analysis of Specimen #10

The visible red lines are just surface imperfections present in this specimen and

are not related to the specimen's failure. There is evidence of a crack on both the left and

the right side of the hole shown in image #1. These cracks show up as small red areas at

the edges that are perpendicular to the load. They are not clearly visible in image #2 or
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#3, but can be seen on the left side of the fourth image. The white areas on the right side

of the image are areas where delamination occurred. From the failure of specimen #10, it

can be concluded that the crossply layup seems to be fairly sensitive with damage

occurring near the very end of the loading.

(d) [±450]4s Shear Specimen

After all the initial testing was conducted on the Boeing fixture to determine its

limitations there was only one shear specimen left to test in the progression of failure

study. The specimen, #10, was loaded to 2075 lb. or 90% of the maximum value

obtained from the specimens.

LOAD
DIRECTION

Figure 5-23: Ultrasonic Images of ±450 Specimen

There is evidence of damage at the "corners" of the hole and some indications of

top part of the hole into the bottom. Had the testing been allowed to continue, it appears

that the damage zone at the top right of the hole would have become the crack that was

observed in all the ultimate strength specimens subjected to ultrasound in Figure 5-15.

Specimen #10 shows more symmetry of damage the any of other ±450 specimens tested.
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(e) [0°/±450 /900 12s Quasi-isotropic Specimens

The last layup that was tested was the quasi-isotropic specimens. None of these

specimens experienced failure. Specimens #8 and #9 were subjected to the 90% load of

3815 lb. and specimens #10, #11, and #12 were subjected to the 95% load of 4025 lb.

One interesting point is the similarity of the cross-sectional areas of these specimens used

in the progressive failure study, as seen in Table 4-1. This similarity could be the reason

there was no failure of the specimens and gives credence to the use of the ultimate stress

to determine the 90% and 95% loads.

The through-the-thickness ultrasound images showed no visible damage of any of

the specimens and are not presented. Visibly, the 90% specimens showed the barest

indication of a crack forming perpendicular to the loading direction, but was not detected

by the ultrasound. This crack showed up only as a slightly discolored area in comparison

to the rest of the material. This discoloration was located along the surface inside the

hole. The 95% specimens show a little more indication of the crack forming. Each of the

95% specimens has an area where the material seems to be coming into the hole., This

does not occur through the thickness of the specimen only on two separate plies. These

plies seem to be 00 plies located toward the middle of the specimen. This could be

initiation of failure at the hole as the 00 plies start to buckle or cripple into the hole. The

outer edges of the specimen do not seem to be buckling into the hole but there are cracks

visible on the surface of the specimen. This may indicate the possible points at which the

ultimate failure is initiated. The cracks are located on the higher edge of the shear plane

that is starting to develop.

A ply-by-ply analysis was completed on specimen #11 and is shown in Figure 5-

24. This analysis verified the conclusions drawn in the preceding paragraphs.
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Figure 5-24: Ply-by-Ply Analysis of Specimen #11

The small white areas of the hole edges perpendicular to the load direction indicate some

type of failure within the four ply group and can be attributed to the 00 ply which bucklcd

into the hole. The second group shows slight indication of a straight crack at the left edge

of the hole. The third group, while extremely difficult to interpret, reveals that the crack

is at the edge of the hole. The final image, which is the outer edge of the specimen,

shows the formation of the crack. The quasi-isotropic specimens give the best indication

of the initiation of failure. They show that failure seems to manifest itself experimentally

only towards the very end of the loading.
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In many of the specimens that were investigated it was apparent that very little

damage had occurred, even when the load was approximately 95% of the ultimate load.

It is possible that a specimen first experienced a quasi-static failure, which manifested

itself as a cracking within the specimen. There seems to exist a point at whih the

cracking changes from a quasi-static crack to a dynamic failure that results in the sudden,

total failure of the specimen. This dynamic failure seems to be present in all failed

specimens, but it was uncertain at which part of the progressive damage survey the quasi-

static failure started. However, the ultrasound provided a good indication of the load

levels at which damage actually started to appear. This dynamic failure can not be

modeled by the finite element code.

Also, the progression of failure study gave a good indication of where the damage

initiated and what the levels of damage were as the specimen approached its ultimate

load. The ply-by-ply analysis shows that the failure seems to occur in one ply and

proceed through-the-thickness. This thesis also allows for a good comparison with the

analytical investigation of the specimens conducted by PLNRS.

C. Analytical Comparison

The previously discussed experimentation was performed in order to draw a

comparison to the analytical method developed by Dr. Sandhu. The main goal of this

thesis is to determine if the failure of a composite in compression can be modeled by Dr.

Sandhu's energy method. This modeling is essential so that a composite structure can be

designed to meet a specific loading condition without the expense of experimentation.

The author believes that this method can best model the failure of the composite because

it incorporates the actual material response in the form of material data.

This incorporation of the response includes any material nonlinearity as well as

the ultimate stresses and strains from experimental tests. This data can be developed for
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each composite system and can be used whenever the composite is modeled. This means

that failure modes such as fiber buckling, material shear, fiber kinking and other possible

micromechanical failure modes will be included in the data. This could eliminate the

need for using closed form solutions to determine the ultimate stress of a composite.

This section will address each of the specimen layups and discuss the comparison

of the analytical results to the experimental results. The analytical methods will then be

compared to the experimental results in graphical form and discussed in depth. The

validity of the modeling will be discussed in this section and all conclusions will be

discussed in Chapter VI.

(1) [01] 16 Unidirectional Model

The first layup tested was the 00 unidirectional specimen. This created the most

concern on the part of the author since the 00 layup produced two separate failure modes

in experimentation. In the analytical portion of this study the 00 also experienced a rather

sudden failure occurring at approximately 43,022 psi.

In comparing the analytical results to the experimental results it is immediately

obvious that this particular specimen did not fail due to a horizontal crack. The ultimate

load of the analytical specimen was 43,022 psi while the experimental specimens with the

vertical split averagod 52,967 psi. There is a difference of 23.11% between the analytical

and experimental results, and is a disparity which really cannot be accounted for by the

author. Figure 5-25 shows a comparison of the analytical results to the three specimens

that failed due to a vertical split. These graphs show both the longitudinal strain and the

transverse strain.
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Figure 5-25: Comparison of Analytical and Experimental Data for 0° (Split)
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The progression failure is shown in Figure 5-26. Only two increments are shown

since only two increments showed any damage before the specimen failed. At the first,

when the specimen begins to fail, there is some cracking along the edge of the hole. It

also indicates that there is some failure at the top of the hole of a transverse nature.

Immediately after this increment, the specimen experienced the failure of 396 elements,

some in transverse tension and the rest in longitudinal compression. This type of

catastrophic failure seems to be somewhat indicative of the longitudinal split. As will be

discussed later in this section, the other specimens failed over a series of increments, not

instantaneously like the 00.

This possibility is reinforced by the plots of the contours, Figure 5-27, that were

made of the strain data, which is continuous between the elements and a good indication

of locations of high strain The plots were made of strain instead of stress since for all

multi-layered laminates the stresses would be different though the thickness of the

specimen, while strain would be continuous. These areas of high strain are also areas of

high stress while the composite is intact. The extremely high areas of strain are found

around the hole and coincide with the locations of the vertical splits. The shear strain

also shows an area of maximum shear strain occurring parallel to the hole and following

the fiber direction. Once the failure of the model has occurred, the plots tend to loose

some of their continuity. This could be the result of the unloading scheme and its effect

on the strain of the unloaded elements. The shear contour gives a very good

representation of how the shear strain and shear stress seem to "flow" around the hole.

The transverse plot is shown and indicates the model experienced a substantial increase in

the transverse strain after failure occurred. While the model did not show an exact

representation of how a specimen might fail due to the vertical split, it does indicate that

once the split occurs the model and the specimen are unable to support the applied load.
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Figuic 5-26. Progression of Failure for 0 Model
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Figure 5-27: Contour Plots of 0 degree Model
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Figure 5-27: Contour Plots of 0 degree Model (cont)
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Figure 5-27: Contour Plots of 0 degree Model (cont)
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The progression of failure was rather difficult in the analytical mnodel due to the

sudden nature of the failure. The split seems to be modeled initially by the failure of the

first five elements around the edge of the hole. This is followed by the collapse of the

entire specimen. The other unidirectional specimen was modeled more effectively by the

analytical method than the 00.

(2) [900] 16 Unidirectional Model

There seemed to be no obvious indications of where failure may have occurred in

the 900 as there were in the 0'. The specimen experienced a large number, fourteen, of

failed elements at 21,940 psi. This corresponds within 10% of the ultimate experimental

stress. The comparison of the analytical stress-strain response is shown in Figure 5-28.
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20000
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LONGITUDINAL STRAIN # .1,000,000 OiNAN)
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ANALYTICAL STRESS IS TAKEN FROM UNIFORM STRESS FIELD

Figure 5-28: Analytical-Experimental Comparison of 900
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The analytical curve does not model the nonlinear behavior of the composite that is

present in the experimental curves. This may be a result of comparing a mathematically

correct model to a structurally imperfect specimen. The experimental far t'icld response

appears to be stiffer than the analytical far field. This may be attributed to the fixture,

which is bolted around the specimen and may impose some sort of constraint in the far

field that is not present in the model. The bolts must be torqued so that the fixture is

firmly fastened to the specimen so that it does not slip during the loa.ding process. These

applied constraints may be what produce a rather stiff, linear behavior of the far field,

even though the strain at the hole displays some very nonlinear features.

In the experimentation, the 900 specimens all failed by a horizontal crack that

originated from the hole edge and progressed to the outer edge of the specimens. It was

more difficult to determine when the failure actually took place in the analytical portion.

By the end of the fortieth increment, the specimen has been displaced by a total of

-0.09655" at a load of 31,345 psi before it fails as seen in Figure 5-29. The experimental

specimens failed at an average of 18,739.21 psi. The data was investigated and many

different plots were mad-- to try to determine if there was some indications that failure

may have occurred during the loading. At the analytical far field there exists an area

where the far field data experiences a disproportionate increase in strain as compared to

the stress. This is the same type of behavior that the specimens experimentally

experienced before they failed. In the experimental testing this was the point at which the

specimen transitions from the quasi-static failure to the dynamic failure that resulted in

the complete failure of the composite. In the analytical portion this change in the curve

occurred at 28,750 psi.

Contour plots were made of the longitudinal strain and the shear strain at the

region around the hole and are shown in Figure 5-30. The plots were made from the

point at which the experimental failure occurred in increments until a crack propagated

from the edge of the hole to the outer edge of the specimen. Areas of high negative
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Figure 5-29: Progression of Failure for 90 Model
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Figure 5-7: Contour Plots of 90 degree Model
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Figure 5-30: Contour Plots of 90 degree Model (corn)
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longitudinal stain are located at the edge of the hole where failure occurs. This area

coincides with the failure location found in the experimental specimens. There is also a

small strain concentration at the top edge of the hole normal to the failure surface. This

concentration is lower and did not result in the failure of any elements.

There exists a concentration of shear strain located at a 200 angle from the failure

edge located on the shear strain contour plot and there is a rather severe gradient

originating from the failure surface to this location. The shear strain is lower than the

longitudinal strain because the matrix is the component resisting the load that is imposed

on the specimen. The high shear strain is the result of a basic property of this type of

compression. The center section, where the hole is located, is unable to resist the load

due to the discontinuity. It must rely on the outer sections and the distribution of stresses

around the hole to support the load. As a result, a large amount of shear stress/strains

build up as the center section tries to compress and is resisted by the outer sections.

While this phenomenon was most clearly seen in the 00, with the vertical splits, it could

also a contributing factor to all the failures.

In the experimental work, the 900 was of a three dimensional failure. While the

program can not model the three dimensional effects, it can model the progression of

failure within the specimens. A combination of the results of the unidirectional

specimens was seen in the 00/900 crossply specimen.

(3) [00/900] Crossply Model

In the experimental results the crossply failed similarly to the 900, from a

horizontal crack occurring at the edge of the hole normal to the load and the progressing

to the outer edge of the specimen. The stress-strain response of the 00/900 specimen is

compared to the experimental in Figure 5-31. Both the analytical strain at
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Figure 5-3 1: Analytical-Experimental Comparison of 0°/900

the hole and the analytical strain at the far field are stiffer than the experimental. The

stiffness of the experimental far field observed in the 900 specimens was not observed in

the crossply specimens. There is a anomaly occurring at 31,300 psi where the

longitudinal stress at the hole decreases while the strain increases. At the far field, there

is a decrease in the slope which reflects an increase in strain without a corresponding

change in stress that was present in the points before this. This also models the same

effect that is present in the experimental specimen immediately prior to the final failure of

the composite. The total energy of the system was checked three increments prior to and

four increments after the discontinuity and the system remained conservative throughout
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that time. However, the energy of the element being plotted was discovered to have

decreased when this discontinuity occurred.

The progression of failure is shown in Figure 5-32. The progression of failure

within this model seems to be very slow in comparison to the experimental results. There

were no major cascades of failed elements until 55,575 psi were 14 elements failed. This

is much higher than the experimental ultimate stress of 32,362 psi. For this reason, plots

were made of higher values of stress even though the model may have failed analytically

at a lower load. All the plots made were of the strain state after the anomaly within the

stress-strain occurred.

Contour plots shown in Figure 5-33 were made of the longitudinal and shear

strain and show there are areas of very high strain concentrations and very high strain

gradients. fo analyze the anomaly at 31,300 psi, a series of plots were generated for a

region of Oie hole to see if the anomaly was manifested in the contour plots. There were

no truly distinctive features present in the sequence from increment #16 to increment #23.

The plots "'lat are shown represent the build up in strains in the various areas. In the

longitudin d plot there seems to be two small areas of very high longitudinal strain near

the failure surface that coincide with the failure location, and the growth of the

longitudii~al strains coincide with the progression of failure.

Th.- shear strain plots are similar to the 00. As the load increases the shear strain

increases , t the edge of the hole parallel to the loading direction. There is a high shear

stress concentration located at an angle of around 200 that coincides with the higher edge

of the shear plane that was observed in the SEM work.
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Figure 5-32: Progression of Failure for 0/90 Model
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Figure 5-32: Progression of Failure for 0/90 Model (cont)
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Figure 5-33: Contour Plots of 0/90 degree Model
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Figure 5-33: Contour Plots of 0/90 degree Model
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The 00/900 specimens are a good indication when the failure may go from a

quasi-static to a dynamic failure mode. The dynamic failure will not be modeled by the

program, but its initiation may be tied to the anomaly that appears within the curve. This

change in the slope of the curve is present in many of the models as the loading

approaches ultimate load recorded in the experimental work. While this similarity is not

proven it may be an indicator of when the failure transitions from a quasi-static failure to

a dynamic failure.

(4) [±45014S Shear Model

The ±45' model produced the best comparison of the experimental to the

analytical. The model exhibits the nonlinear behavior of the ±450 specimens, both of

which are shown in Figure 5-34. The analytical stress- strain curve was stiffer than the

experimental portion. Part of the reason the analytical response was stiffer is that it does

not model the scissoring of the plies that was present in the experimental results. There

was also an area present where the far field experienced a sudden change in the slope of

the far field curve without similar corresponding change in stress. This occurs at 20, 237

psi. This concurs well within the average maximum experimental load of 20,625 psi.

While it is uncertain when the failure of the ±450 specimens occurred experimentally, it

can be assumed that failure of the sj- ,;mens occurred at or about 20,000 psi.

There are two notable features present within the graph. The first is the sharp

decrease in strain which occurs at increment #19. The element that is being tracked shed

more than half of its longitudinal strain and approximately half of its total energy.

There is no change in the loading, which continues to increase, but many of the elements

near element #335 seem to also shed strain and the energy is absorbed by other elements

in the region. The far field gage is also stiffer than the analytical, but may be the effect of
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Figure 5-34: Analytical-Experimental Comparison of ±45'
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scissoring of the fibers. The scissoring in the experimental curves seems to start at the

point at which the experimental curve deviates from the analytical curve and starts to

progress towards a state where strain increases without an increase in stress. Both the far

field gage measurements demonstrate an increase in slope towards the end of the loading.

Th" i may be the effect of the fixture closing before the test was stopped. This feature was

present in each of the far field response curves.

A progression of failure plot was made for the both the +450 and -450 layups,

Figure 5-35, and the most interesting item present was the fact that the failure was not

symmetric. A crack formed at the hole edge at an angle of 420 to the edge of the hole

normal to the loading direction. The crack propagated through the model very quickly

and reached the outer edge at 24,212 psi. The angle of the failure coincided well with

experimental specimens where the angle of the failure appears to be at an angle of

approximately 300 away from the hole edge. The fact that the cracking appears at 420

instead of 450 is attributed to the deformation of the specimen in the region of the hole.

The longitudinal strain was plotted as a contour plot in Figure 5-35. There is a

shift of the graph from the smaller contours featured in increments #18 to areas of high

strain concentrations in increments #20, #21, 22#. These areas also coincide with the

failure lines that were observed in the ultrasonic analysis. The area of highest strain for

the longitudinal strain shown on the contour plot is at an angle of 48' from the edge of

the hole normal to the loading direction. This angle shows excellent correlation between

experimental results and the progression of fhilure shown in Figure 5-36.
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Figure 5-35- Progression of Failure for ±45 Model
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Figure 5-35: Progression of Failure for ±45 Model (cont)
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The response of the ±450 was extremely well behaved and the analytical method

seems to model the stress strain response accurately. Since the actual failure of the

specimen was not accurately determined one cannot compare the ultimate stress of the

analytical to the experimental. The failure of the specimens seems to coincide with the

experimental, however the transformation of the hole to an ellipse was not well modeled

by the finite element method. The incorporation of ±450 plies into the a 00/±450/900

specimen has a very interesting effect. When three nonlinear plies are incorporated with

a linear response ply, the resultant laminate is very linear in its longitudinal response.

(5) [00/±45°/90012S Quasi-isotropic Model

The quasi-isotropic model incorporates each of the plies that have been studied in

the pervious four models. The modeled response of the laminate seems to incorporate

some of the features displayed by the other specimen models. The graph of the stress-

strain response, Figure 5-37, shows a very well behaved laminate. The graphs of the

experimental data demonstrate a very linear behavior until the end of the load when the

curves start to go nonlinear. The analytical graph shows the same kind of linear behavior,

however the nonlinearity towards the end of the loading is not present. Like the other

models, the loading of the finite element model continues well past the ultimate

experimental loading of ultimate experimental strength of the 00/900 and ±450 specimens.

The difference between this model and the rest of the models is that the change in the

slope of the strain, defined as the anomaly, did not vary throughout the loading.
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Figure 5-37: Analytical-Experimental Comparison of 0°/±450/901
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The analytical longitudinal hole and far field strain are both stiffer than the

experimental data, as seen in Figure 5-37. In the transverse data, the analytical hole strain

was much stiffer than the far field analytical data. This may be the result of the

incorporation of ±450 plies into the laminate. In the graphs of the ±450 in Figure 5-14, it

is evident that the strain at the hole was on the same order of magnitude as the far field

data. This seems to create the same effect within the quasi-isotropic meshes.

The progression of failure in Figure 5-38 shows that the zero laminates fail first

before any of the ;aminates start to be effected by the load. The 90P ply does not suffer

any failure throughout the loading process. There is a rather large cascade of failed

elements, 26, at increment #16 at a load of 36,208 psi. If cascading is the event that

signifies the failure of the composite then there is a favorable comparison with the

experimental ultimate stress of 33,638 psi.

The progression also indicates that at increment #24 a crack progressed from the

hole edge to the outer edge of the specimen. This crack occurred at a load of 46,860 psi.

At this point the load would only be supported by the ±450 and 900 layers. Even with

this crack passing through the specimen it is still able to complete 40 increments with a

stress in excess of 60,000 psi.

The contour plots were made of the longitudinal and shear strains, and they have

the characteristics of the contour plots seen in the plots of previous models. The

longitudinal plots in Figure 5-39 show a concentration of very high strains at the edge of

the hole normal to the load. There is also the appearance of a very high strain gradient

starting at around 450 from the failure edge. At the higher increments the longitudinal

strain seems to develop a region that is orienting itself approximately 420 from the

loading surface. This is due to the effects generated by the ±450 plies within the model.

The shear contour plots shows a concentration of shear strain around the area of

elements #73 and #77 or at and angle of about 200 from the failure surface. The direction
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Figure 5-38: Progression of Failure for 0/±45/90 Model
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5-91



0/±45/90 DEGREE FAILURE MESH

0 +45

INCREMENT # 20 INCREMENT # 20
capplied =41362 psi capplied =41362 psi

GAGE -45 90

wNRMN 2 NRMN 2
~appicd 4162 pi applid =4136 ps

Fiue53:Prgeso f alr o 0±59 oe

1-w



0/'±-45/90 DEGREE FAILURE MESH

0 +45

GAGE Af

INCREMENT # 24 INCREMENT # 24
capplied =45337 psi capplied 45337 psi

-45 90

INCREMENT # 24 INCREMENT # 24
cappl led = 45337 psi capplied = 45377 psi
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Figure 5-39: Contour Plots of 01±45/90 degree Model
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of the shear contours seems to reinforce the argument that the center section of the

specimen is trying to displace and is generating a very high shear stress between the

center segment and the two outer segments. This shear stress could be the mechanism

that initiates the failure in all the specimens. The disparity of the shear stresses between

the inner and outer segments combined with the longitudinal strain gradient at the edge

appear to cause the failure of the composite.

What is seen with all the models that were analyzed using the PLNRS is there is

no "smoking gun" that indicates the initiation of failure. Only the 00 degree exhibits a

completely catastrophic failure in compression. While the failure of the 0n occurred at a

much lower stress than obtained by the experimental results it was clearly a

representation of a vertical split. Of the other four models tested, all demonstrated the

initiation and propagation of a horizontal crack either normal to the failure surface or, in

the case of the ±450 model, at an angle of 420 from the loading surface. Four of the five

models exhibited some form of horizontal cracking that was present in the experimental

specimens.

In the analysis, the progression of failure, failure was initiated loads comparable

to those observed in the experimental portion. In most cases, when the crack within the

model propagated to the outside edge of the model, the applied stress at the boundary of

the model was almost twice the ultimate experimental stress. This suggests that the

failure of the mesh occurs at a lower applied stress, and this results in a change of the

failure trom a quasi-static failure to a dynamic failure which can not be modeled directly

by the program.

In both the 00/90' degree and 0°/±450/900 degree specimens there was some

evidence of delamination at the edges of the specimen at the failure surface as well as the

inner edges of the hole at the point of failure. This caused some concern on the part of

the author as to whether the ultimate failure of the specimen may have been due to

delamination within the specimen. To determine if delamination was the cause, two
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methods were used. First, from a paper by T. Kevin O'Brien [37] we were able to

determine the strain value at which delamination occurred within a Gr/PEEK composite.

This value of az was determined to be 23,300 psi based on the assumption that the

material properties were the same in the Y and Z direction. From there, using the

equilibrium equations (67) [15], the stresses in the Z direction ,yxz, rcyz, and a., could be

isolated and solved for individually as shown in equation (68). The location of Ax and Ay

are shown in Figure 5-40. For all ply layups it was determined that the az value at the

initiation of failure at the hole was far less than the 23,300 psi determined by T.K.

O'Brien indicating that delamination quite probably was not the cause of failure of the

model.

ýx + ay + (67)

3x + jYz + Y=0

Using the finite differences we can rewrite the equations as:

=oz -A 5x- t P.* (68)

Ax Ay ) ply

Aux Ac,,)ACyz Ax Ay

Ax Ay tply

where tply = the thickness of the individual ply.
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Figure 5-40: Location of Elements for Delamination Check

This was verified by with the use of Dr. Sandhu and Dr. Sendeckyj's

Delamination Moment Coefficient technique which is detailed in [38]. What was

determine was that the Delamination Moment Coefficient was much less for the

laminates tested in this thesis than those laminates used by T.K. O'Brien. In addition, the

moments determined for these laminates were much less that those determined to cause

delamination. As a result of these calculations it was felt that the laminates tested did

not failure due to delamination, but as a result of another or a combination of other failure

modes. The delamination observed in the specimens was probably due to the post

damage failure.
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(6) Complex Variable Analysis

In addition to the use of the finite element code to analysis the composite layups a

complex variable program was developed to perform an analysis. This code is based on

the equations of G.N. Savin and written as the FORTRAN code which is included in

Appendix B. The results are presented Table 5-7. The complex variable solutions were

close to the FEM solutions for the 00 degree, 900 degree, and 00/±45°/900 degree for oTx,

o INFINITY SAVIN STRESS LAYUP FINT i ELEM PERCENT

(PSI) [aX12 STRESS DIFFERENCE
[(GXGytxyj

(PSI) 00 DEGREE (PSI) (P)

-31'02.24 -4230.00 -4646000 -8.95
-180.85 -317.70

I__ __ llll 397.59 18.48
-15509.60 -21152.84 -23220.00 -890

S..... -904.00 -1583.00 _

1987.87 -92.73
-31014.00 -42300.23 -46420.00 -8.87

-1808.21 -3129.00 .......
_3975.00 -186.10

-40932.22 -55827.76 -63610.00 -1223
-2386.47 -4055.00
5246.50 246.40

900 DEGREE

-2429.76 -3215.60 -4109.00 -21.74
-1822.66 -1036.00

IllI___II_235 1.62 -8.2 1
-107276, -14197.00 -19730.00 -28.04

-8047.00 -5150.00
10382.00 -3358

-1 8690.85 -24735.00 -32680.00 -24.3 1
-14026.00 -8455.00

16879.00 -59.23
-23509.54 -31113.00 -39780.00 -21.79

-17635.00 -102.80
22753.00 _-73.19 I

Table 5-7 Comparision of Complex Variable to FEM
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" INFINITY SAVIN STRESS LAYUP FINITE ELEM PERCENT

(PSI) [Ox,(ytXy] STRESS DIFFERENCE
[ax,a yT xy ]

-1711 -2565,62.00 0'/900.........-491700 -4782
-56.00 -15980 Ill I ii

157.00 -8.55
-8539.71 -12803,04 -24490.00 -,I7.72

-282.74 -767.20
784.67 -43.61

-17057.12 -25572.63 -4895000 -17 76
-564.00 -150500
1567.29 -87......._-87,44

-26511.9 -30747.58 -76100.00 -47,76
-877.75 -232400
2436.05 -136.10

-32349 -49248.39 -93790.00 -47.49
-1087.53 -2784.00
3018.33 -112 20

-41197.12 -61764.19 -119400.00 -48.27
-1363.98 -353300

3785.39 -158,00

±450 DEGREE
-3659,37 -1498,56 -6791 00 -77.93

-800.42 -223900
-949.05 3670.00

-13027.84 -5335.00 -24560.00 -7828
-2849.00 -927600
-3378.00 13960.00

-17745.92 -7267.00 -34290.00 -78.81

-3881.00 -13550.00
-4602.87 19280.00

-20262.39 -8297.73 -40650.00 -79.59
-4431.99 -16480.00

1 -5255.02 _ 22940.001

Table 5-7 Comparision of Complex Variable to FEM (cont)
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0°/_t45°/900
DEGREE

-2390,352 -8299.30 -9546,00 - I'3 06
-129.39 , -94.27

370.71 -8.33
-11943.91 -41469.08 .... -4777000 -13.19

-646.55 -452-03
1852.34 -41171

-26373.57 -91568.65 -1 14000.00 -19.68
-1427.66 -1388.00
4090.18 -9953

-34346.09 -119249.10 -138700.00 -- 14.02
-1359.24 -1726.00
5326.60 -_121.30

-41361.53 -143606.00 -167300.00 -14.16
-2239.00 -2121.00
6416.60 _ -146.60

Table 5-7 Comparision of Complex Variable to FEM (con)

but it did not predict the (Y andcxy with any degree of accuracy. The ply stresses are

determined by taking the point stresses developed by the complex variable solution and

calculating the point strains using the inverse of the Aij matrix. From there the ply

stresses are determined using the plies' Q ij matrix.

If the point stresses determined higher than the actual stresses at the point then the

resulting strains and ply stresses will be much lower than the existing stresses and strains.

That may be what is occurring within the ±450 degree and 00/900 degree specimens. The

predicted point strains and stresses are much lower than the values predicted by the finite

element analysis. One other thing that may be a factor is that when Savin did his

formulation he considered the plate to be of infinite dimensionality. Since all the models

are of finite dimensionality then it is quite possible that this resulted in the differences

between the point stress analysis and the FEM ±450 degree and 0(/900 degree models.

In addition, since Gr/PEEK is a nonlinear material then the change in the material

properties would not be modeled by Savin's technique.
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Finally, as can be seen from Table 5-7, while the longitudinal point stresses

showed some correlation between the two methods, many times the shear stresses and

sometimes the transverse stresses were not well predicted by the point stress analysis.

This may be the result of the finite dimensionality of the model as well as the nonlinearity

of the finite element analysis. While the complex variable analysis seems the track the

nonlinear analysis, evidenced by the small change in percentage from one increment to

the next, this is not an indicator of the complex variable analysis tracking the

nonlinearity. Instead, it is a combination of the application of the equations of a infinite

dimensional plate to a finite specimen as well as the linearity of the program, which

causes this effect. After completing the analysis it is shown that the finite element

method is much better than the complex variable analysis in modeling the conditions and

providing an accurate picture of stress and strain.
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VI. Conclusions

This section summarizes the results obtained within the thesis and summarizes the

conclusions as they rebte to the objectives listed in Section A, Chapter 1. First, the

conclusions from a comparison of the analytical and experimental results are presented.

Second, conclusions will be drawn concerning the compression testing process as it

relates to the Boeing Open Hole Compression fixture. Finally, general conclusion arc

given involving the use of the nonlinear finite element technique as well as the use of

macromechnical failure methods verse micromechanical.

A. Expgrimental versus Analytical Failure Predictions.

(1) [001 16 Unidirectional Laminates

The finite element method did a good job of predicting the stress-strain response

of the composite. The failure load predicted was -21.96% less than the average ultimate

stress recorded for a unidirectional composite that failed by a vertical split. In addition,

the FEM did not predict the splitting of the specimen, rather it failed catastrophically. To

complicate matters, there was a second failure mode, a horizontal cracking, that was

present in half of the specimens tested. The Scanning Electron Microscope work showed

no dominating failure mode within those specimens that failed due to a horizontal crack.

It is clear however that the failure of the laminate was initiated at the hole by the collapse

of material into the hole. The ultrasound imaging of specimens that failed by a vertical

split did not show any evidence of the formation of a horizontal crack. From the

experimentation and FEM it could be concluded that the primary mode of failure was due

to vertical splitting.
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(2) 1900116 Unidirectional Laminates

The finite element code did a good job of predicting the response of the 900

laminate at low loads, but was unable to accurately model the material's nonlincar

response at higher load levels. The analytical far field also displayed a less stiff response

than the experimental far field, a condition that may have been induced by the Bocing

fixture. A crack propagated through the model at 31,345 psi, well above the average

experimental ultimate stress of 18,739.21. However, a increase in strain without a similar

increase in stress was visible in the far field data at 28,750 lb.. This anomaly

corresponded to the behavior of the .xperimental curve before failure and may signal the

initiation of failure within the analytical model.

(3) 100/90014S Crossply Laminates

PLNRS did an excellent job of modeling the stress-strain response of a 0W/90()

specimen until the very end of the experimental loading. At 31,300 psi there was the

same type of anomaly that was exhibited in the 900 analytical data. This anomaly

coincided well with the experimental load's average experimental ultimate stress of

32,362 psi. However, the progression of failure study done on the experimental data

showed that very few elements had failed at a load level of 35,895 psi. This coincides

well with the experimental progression of failure study which showed that even at 95% of

predicted ultimate strength very little damage had occurred within the composite.

(4) [±45014S Shear Laminates

The ±450 model showed excellent correlation with the experimental data. The

nonlinear behavior and the stress-strain response of the experimental data very well

modeled by the analysis. Like the pervious two laminates, the analytical strain at the hole

was stiffer: i.e. the slope of the line was steeper: than the experimental strain. Towards

the end of the loading the experimental seemed to less stiff, but this was an indication of
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the analytical inability to model the scissoring effect of the fibers present in the

experimental. The analytical progression of failure study showed that a crack propagated

through the model in the -450 plies at 24,212 psi. However, once again the anromaly was

present in the analytical data, this time occurring 20,327 psi. While the experimentall

specimens did not fracture into two separate pieces, ultrasonic images revealed that

failure did occur within the specimens, probably occurring at or about 20,(XX) psi based

on the reactions of the Instron Machines strip chart.

The angle of failure within the experimental failure was modeled well by the

analy tical model. The contour plots of analytical strain show very high concentratio•n, of

straii coinciding with the failure on the experimental. However, once again the far : cId

expei imental data was stiffer than the analytical data. This many also be a byproduct of

the B{, being fixture or a result of the scissoring of the fibers placing stresse, on the 1,r

field gages resulting in an incorrect reading.

(5) IJ0°/±45°/900 12S Quasi-isotropic Laminates

The stress-strain of the quasi-isotropic was well modeled by PLNRS in the

longitudinal direction, but not as well in the transverse direction. The nonlinear bchtvior

of the specimens towards the end of the loading cycle at the hole in the transverse

direction was not well modeled by the analytical. However, the anomaly which was

present in the rest of the models was not present in this model. This cast some doubt on

the fact that the failure of the model may occur at the anomaly. The analytical

progression of failure study shows that a crack propagated through the specimen at

45,337 psi which is far greater than the average experimental ultimate stress of 33,710

psi. This does not coincide well with the experimental progression of failure study which

revea'ed that at 95% of predicted ultimate failure very little internal damage had occurred

before ultimate failure took place.
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B. Compression Testing

The one main conclusion that can be drawn from this analysis is that tension and

compression result in two entirely different types of responses in composite materials,

This section will address the problems and concerns on the author's part in regards to the

actual testing procedure.

The Boeing Open Hole Compression fixture has numerous disadvantages in its

use for the testing of composites with open holes. First, the fixture requires large

amounts of material for a single test, and with the cost of composite materials, this makes

the testing of large quantities a rather large financial undertaking. Second, the fixture is

extremely bulky and great care had to be taken when placing the specimen within the

fixture so as not to damage the specimen or the gages. Twice the fixture slipped before it

was securely fastened to a specimen and both times it "guillotined" the far field gage

resulting in damage to the gage. Third, the fixture may have been responsible for the

multiple failure modes observed in the 00 specimens. Since the fixture must be bolted

onto the specimen to restrain out-of-plane buckling, it must induce, upon the far field area

where it is bolted, a constraint on the material. While the constraint may not be great, it

may still effect the results obtained from the far field gage. Finally, because of all the

plates required to prevent out-of-plane buckling within the specimen there was no way

for actual propagation of failure to be studied during the test. This problem requires the

use of a progressive failure test by loading specimen to 90% and 95% of their predicted

ultimate load. This is not the best way to test the actual progression of failure of the

composite.

It is the recommendation of the author that a single compression fixture be

designed and adopted for use in the testing of composite materials. The aforementioned

disadvantages make the use of the Boeing Open Hole Compression fixture less than

desirable, in the author's view, for the testing of composite materials in compression.
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C. General Conclusions

(1) Nonlinear Finite Element Program (PLNRS)

The nonlinear finite element code, PLNRS, developed by Dr. Sandhu does a

good job of modeling the stress-strain response of Gr/PEEK in compression. While there

was no "smoking gun" within the testing to indicate where failure took place, the code did

seem to model the point at which the experimental composites failed by showing a

disproportional increase of strain to stress around the experimental ultimate failure load.

The progression of failure study done on the experimental specimens reveals that there

was a limited amount of damage taking place before the actual failure of the composite.

This would seem to help validate the increase in strain feature as the failure point since

the analytical progression of failure at the increase was similar to the amount observed in

the experimental.

With the manufacturing of more powerful computational devices, this program

could be used on more platforms than just the CRAY. Efforts could be made to adapt the

program to the Sun workstations or to a DEC 5000. The entry of the data is easy,

especially if a mesh generation program is used. The only drawback is the acquisition of

the material properties data to model the response of the specimen. The data could be

constructed for many of the material systems in existence from existing databases of

information and could be constructed easily for new material systems. The use of curves

to represent material response is much more accurate than the use of constant moduli.

Overall the use of the code to model the response of a composite could be done easily

with the existing computational capacity and material database.
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(2) Macromechanical versus Micromechanical

One of the objectives of this thesis is to show how the use of a nmcromechanical

failure prediction method is far superior to a micromechanical failure prediction. For this

reason failed specimens were investigated using a Scanning Electron Microscope in order

to discover if there existed a single micromechanical effect that would have initiated the

failure of the composite. What was discovered was that there were numerous failure

modes visible over the failed surfaces making it extremely difficult to determine which of

these modes have been the one to initiate failure within the composite. In addition, many

of the failures showed that the fiber and matrix failed as a unit and not as individual

components as some micromechanical methods predict.

The appeal of micromechanical methods using close form solutions is that they

are basically simple algebraic equations which can be solved given certain material

properties. The problem is that many of the properties which are being entering into the

equations are not constant, as in the case of the shear modulus, but change depending on

the loading conditions and type of material. If the solution obtained is relied on for the

design of a composite material then the resulting design may not accurate.

Through the use of this macromechanical approach not only the progression of

failure can be determined, but many of the possible micromechanical failure modes will

have been incorporated into the material properties curves. While the actual failure load

was not clearly determined from this study there is an indication that the moment of

failure that composites experience within the experimental is being modeled in analytical

response. To validate this several tests should be conducted with different material

systems and ply layups to see if the response does model the experimental failure. If it

does hold true then this thesis has shown that there is excellent correlation between the

experimental and analytical ultimate strengths.
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(3) Closing

This thesis has raised many possible issues that could be undertiaken to better

understand the failure of Gr/PEEK in compression. Some of these issues include:

a. The designing of a compression fixture that will accurately test the

compressive strength of a composite without interfering with the testini.

b. A study of the hole region during compression to determin 1f delamiination is

the mode of failure which may initiate the total failure of the specimen.

c. The use of other techniques to determine the initiation and progression of

experimental failure to include acoustic testing, high speed photography, and stereo x-ray

imaging.

d. A thorough study of the analytical data in comparison to the experimental data

to determine if there does exist a point at which the failure of the model occurs. While

there were many indications of possible failure point there was no criterion developed to

actually determine that point.

This thesis has sought to undertake a detailed investigation in order to fulfill the

objectives stated in Section A, Chapter 1. It has shown that the nonlinear material finite

element program, PLNRS, does an excellent job of modeling the stress-strain response of

the nonlinear material Gr/PEEK, and there does exist within the analysis a point which

may indicate the failure of the composite specimen. While the author was unable to

prove that this point represented the actual failure of the composite specimen, there is

every indication that this may be true. It is hoped that this thesis will contribute to other

research projects involving the use of nonlinear composite materials, such as Gr/PFEK.
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Appendix A. Material Properties Curves

Basic property tests were conducted to obtain the material properties for Gr/PEEK at roonm temperature This data is

listed in tabular form for future reference and shown graphically to demonstrate Lhe nonlinear relationships between

stress and strain for Gr/PEEK.
101 TENSION STRESS-STRAIN DATA

0 TEN SUTRN OTEN .ST "
(lNtIN) (PSI)

____ 0.0___00 0.00)

0.)05.. 9938.650.0010' M547.58
i _0.0011 29164.00

0.0020 38848.27
.0.0025 48622.52
0.0037 58504.41
0.0035" 68454.20
.. 0.00 78458.17
0.0045 88511.98

0.0050 98615.75
0.0055 M08764.83
0.0060 118943.23
" 0.0065 129143.77
0.0070 139359.75
0,00"5 149598.47

.. ...... 0.0080 159934.39

0.0085 170280.09
0.069W 180716.75

0.0095 1911 70.47
0.0100 201697.61
0.0105 212248.28
0.0110 222863.22
0.0122 4•5829.72

STRAIN FOR 1[1 TENSION

300O00

200000-

I000000

0'
0.000 0.005 0,010 0015

(01 TENSILE STRAIN (INtIN)
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101 COMPRESSION STRESS-STRAIN DATA

01 CONMPRESSION 10o COMPRESSION
STRAIN (IN/IN) STRFSS (PSI)

0.0004 . 7
0.0008 15066.50
0.0012 ' 220

ii0.0016 3004M.3

0020' 37,96.•43
0.0024 M m5Wi0
0.0028 51768.01
0.0032 58878.63
0.0036 957M
0.0040 ''7252
0.0044 79825.67

""'0.0048 " 86687.931

0.0052 ;31.2
0.0056 100320.69
0.0060 106969.41
0.0064 113625.31
0.0068 120159.06
_ ._84_ 147055.86

STRAIN FOR [0] COMPRESSION

150000

S100000

..-- (01 COM.P&SIVESTrALN

50000'

0
0.000 0.0X)2 0.004 0.006 0.008 0.010

[0) COMPRESSIVE STRAIN (IN/IN)
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[01 TENSION STRAIN-NU DATA

[0] TENSION [0] TENSION
STRAIN (INIIN) NU

0.0000 0.340
0.0005 0.327
0.0010 0.315

0.0020 =06_______
0.0025 0.303

0.0030 0.301

0.0035 0.299
0.0040 0.297
0.0045 0.295
0.0050 0.293

0.0055 -0.292
0.0060 0.290

0.0075 0.289

0.00750.8
S0.0080 0.28

0.0085 0.282
0.00900.8

0.00950.279
0.0100 027
0.01051 Z.7

0.0110 0

NU FOR 101 TENSION

0.36.

0.34'

-J 0.32

- ThNsH.E Nil

0.30-

0.28

0.26'
0.000 0.005 0.01o 0.015

[01 TENSILE STRAIN (IN/IN)
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[01 COMPRESSION STRAIN-NU DATA

101 COMPRESSIVE o0] COMPRESSIVE
((N/uN) NU

0.0000 .... 0.0
0.0004 0.240
S0.0008 0,268
0-- .0012 " 0.282'

0.0016 0.290
"0.10020 0.297

0.0024 0.304
0.0028 0.310
0.0032 0.315
0.0036 0.320
0.0040 0.325
0.0044 0.329
0.00__ 0.333
0.0052 0.336
0.0056 0.339
0.0060 0.34

0.00(A 0.344
0.0068 0.347
0.0084 0.360

NU FOR [0] COMPRESSION

0.4

0.3

C (lMRESS[VE~NI.

0.2

0.1
0.000 0.0(X2 0.004 0.006 0.008 0.010

[0] COMPRESSIVE STRAIN (IN/IN)
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1901 TENSION STRESS-STRAIN DATA

1901 TENSION 1901 TENSION
STRAIN (INIIN) STRESS (PSI)

-I -I0.0000000

0.0003 435.45
S 0.0006 898.96
0.0012_____ '1780.95

0.0015 2215.18
" 0 18 2641.42
0.0021 3084.15

0.0024 MM0.0027 3939.77
I II I I II 0.00301 467 .8

II0.0033 4788.01

0.0036 5214.220.0039 5977.•1

0.0042 6038.98S....M. .05 6452.16

0.0048 6853.30
0.0051 72582
0.0054 7656.59
5.00571 8051.64

0.0w 8446.71S. .... 0.0063 ... 8833.5
I I II o.0066 9212.64

0.0069 95889.
0.0072 9954.61
0.07 1032.76V

S0.60078 10683.32
0.0081 11031.28
0.10084 1135,4

S0.0087 11695.78
0.0091 11201.1

STRAIN FOR [9 rENSION

15006

100W

5000"

0.00 0.002 0.004 0.006 0.008 0.010

1901 TENSILE STRAIN (IN/IN)
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[901 COMPRESSION STRESS-STRAIN DATA

1901 COMPRESSIVE 1901 COMPRESSIVE
STRESS (IN/IN) STRAIN (PSI)

0.000 0.00

.0.001 1473.41
0.002 _3237.05

4928.0
0.004 6607.35
0.005 8247.30
0.006' 9789.12
0.007 11239.03

0.008 12749.96
0,009 14145.28
0.010 15504.3
0.012. 18035.65

"0.013 19201.81
0.014 2
0.015 2137.7

0.016 22323.39
0.017 23203.96
0.018 24017.09
0.019 24729.55
0.020 25379.10

ii 0.0211 25969.66

0.0241 27923.00

STRAIN FOR [90] COMPRESSION

30000

2W001X

"• •~~~ I'Mq C'Oy•• .,.,•RI STRAIN

10000-

0.0) 0.01 0.02 0.03

[901 COMPRESSIVE STRAIN (IN/IN)
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SHEAR STRESS-STRAIN DATA

SHEAR STRAIN SHEAR SI'RESS.
(IN/IN) (PSI)

0.000 0.000
0.005 3679.67
0.010 6185.00

=.01 7713.28
0.020 8764.49
0.0251 95=452

0.030 101=
__, _0.035 10656.16

0.04011064.73
0.0-45 11 30.19

0.050 oo 117=1.
0.055 12=0355
0.060 12302.89
0.070 128o_.__0.075 1303.6

0.080 132777
0.085 13502.60
0.090 13719.42

1.95 139
0.100 14154.06

0.105 14378.16
0.110' 14587.23
0.120 14740.21

STRAIN FOR [±451 TENSION

20000

15000O

j) 10000, - i SI] 9ILARSR

5000

,.00 0.;5 o.1o 015

[±451 TENSILE STRAIN (IN/IN)
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Appendix B: Point Stress Analysis Code (SAVIN)

A point stress analysis FORTRAN code was developed to compare with the

results of the PLNRS. The equations were discovered in an article by Gurdal and Haftka

[251 and were incorporated into a FORTRAN code. The code is entitled SAVIN and is

named after G.N. Savin of the Former Soviet Union, who developed the equations on

which this code is based. [361

These equations were developed to determine the stress components at

coordinates loaded near the hole. These are based on a loading condition applied to a

plate at a given orientation. The best way to depict the conditions that must be

considered is represent then in a diagram, shown in Figure B- 1.

Y
00

x

0 = The ply orientation
R = The radius of the circle
a =The angle of the applied stress
X,Y = The location of the point

of interest

Figure B-I: Loading Conditions for Savin's Calculation
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For the formulation of the point stresses, the A.i matrix, from the composites

properties, must first be formulated.

[Aij= V21 Q22 Q26 *tk
Q _16 Q-26 -Q66

where tk = the thickness of each ply considered

Q ij = The terms of the Reduced Stiffness Matrix, eq (13).

The terms of the Aij matrix are then substituted the characteristic equation below.

all s4 +2a16s3 +(2a 12+a66)s 2 -2a26s+a22=0)

Care must be taken to use only a symmetric laminate when determining the point stress.

A symmetric laminate will result in a characteristic equation were the a 16 and a26 are

equal to zero and the result roots can be determined a s = (±-a ± I ). If an unsymmetric

laminate is used the resulting answer will not be correct, because the quadratic equations

will produce incorrect roots.

The roots, designated as sl and s2, will be substituted into the following

equations:

zl=x+sly z2=x+s2y

where x,y = the locations of the stress components.

The values are then substituted into

4Do'(zlP=A 1(aococta- I- Zl I

To'(z2)=A2 (cooa{ 1- z 2 "R2( +S2 2)

t- z2
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where A1 (oToo,a) and A2 (aoo,a) are equal to:

-icroo[(s 2 sin2o: + 2 cos2 a) + i(2s 2 sin 2ca + sin2a)]
AI (°o'a) = - 4(Sl - s2) (1 + Sl)

iaoo[(slsin2a + 2 cos 2 0) + i(2slsin2 0x + sin2cc)]

A2(Y ') = 4(Sl - S2) /(I + S2)

The values of @o'(zl) and To'(z2 ) are then substituted into

x = GooO cos2 a + 2Re [sl12@o'(z )+s22hPo'(z2)]

Cry = oo sin2 at + 2Re [@o'(zl)+'Po'(z2)]

,txy= 00 cosa sint - 2Re[sI'Do'(zl)+s2'Yo'(z2 )]

to determine the stress components. The stress components are then converted into
global strain components by:

Nx=Ox * thickness

Ny=Oy * thickness

Nxy=Oxy * thickness

COX FS 11 S 1 2  S 16 -

[Sijl={oY -- 21 S]22 -$26 /tk* NY

°XY .--S-16 -S 2 6  -$66 NXy

The stresses for the individual ply (k) can then be determined by

Fy Q II Q 12  Q 16  1 F}y Q 2 1  Q-2 2  Q-26  I Oy

Oxy k.Q 16  Q 2 6  Q 66  _k E°XY

and the answer are produced at the end of the program.
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PROGRAM SAVIN
COMPLEX* 16 AB 1,AB2,SS 1,SS2,SS3,SS4,DI ,D2,DDI ,DD2,AA 1,

1 AA2,A 1,A2,PHI,PSI,SIGX,SIGYTAUXY,AL I ,AL2,
1 AL3,ZI,Z2

DIMENSION Q(3,3),A(3,3),T(3,3),W(3,3)
C

C
C THIS PROGRAM IS DEVELOPED AS A COMPARISON TO A FINITE
C ELEMENT ANALYSIS CONDUCTED BY CAPT. BENJAMIN WHAM,
C GA93-M. IT IS BASED ON THE EQUATIONS IN A PAPER BY
C ZAFER GURAL AND RAPHAEL T. HAFTKA ENTITLED "COMPRESSIVE
C FAILURE MODEL FOR ANISOTROPIC PLATES WITH A CUTOUT."
C AIAA JOURNAL, NOVEMBER 1987. VOL: 25 PP.1476-1481.
C DUE TO THE NATURE OF THE FOURTH ORDER POLYNOMIAL SOLVER
C THIS PROGRAM WILL ONLY WORK WITH SYMMETRIC LAMINATES
C BECAUSE THE COEFFICIENTS XA3 AND XAI ARE EQUAL TO
C ZERO. THE EQUATION CAN BE FACTORED INTO TWO QUADRATICS
C AND SOLVED BY USING THE QUADRATIC EQUATION.
C

C
C

PRINT*,'ENTER SIGMA INFINITY'
READ*,SIGIN
PRINT*,'ENTER RADIUS'
READ*,R

C
P-'RINT*,'ENTER El 1,E22'
READ*,EI 1,E22

C
PRINT*,'ENTER G12,NU'
READ*,G12,PNU

C
PRINT*,'ENTER LOAD ANGLE'
READ*,ALPHA

C
C**********CALCULATE Q
C

10 DO 19 1=1,3
DO 9 J= 1,3
A(I,J)=0.
Q(I,J)=0.

9 CONTINUE
19 CONTINUE

PRINT*,'ENTER NUMBER OF PLIES'
READ*,NUM

C
DO 99 I=INUM

C
PRINT*,'ENTER PLY ANGLE'
READ*,THETA

C
PRINT*,'ENTER THE INDIVIDIAL PLY THICKNESS'
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READ* ,Tt-IICK
C

P1=3.1415926536
TD=THETA*PI/ 180.
AM=SIN(PI/2.-TD)
AP=SLN(TD)
PRINT*,'AM-',AM,'AP=',AP
SI=AM**4
S2=AM*AM*AP*AP
S 3=(AM**3)*AP
S4=AP**4
S5=(AP* *3)*AM
S6=AM*AM
S7=AP*AP
S8=AM*AP
UN=PNU*E22/EI 1
UNU=1./(1.-UN*PNU)
Cl 1=E1 *UNU
C12=E22*PNU*UNU
C22=E22*UNU
C66=G 12
C1 6=0.
C26=0.
C6 1=0.
C62=0.
C21=C12

C
C CALCULATING Q-BAR MATRIX
C

Q(1 , 1 )=(S 1 *C 11+2. * S2*C 1 2+S4*C22+4. *S2*C66)*THICK* NUM
Q( 1,2)=(S2*C I11 +(S I1+S4)*C1I2+S2*C22-4.*S2*C66) *THICK*NUM
Q( 1,3)=(S3 *C 11 +(-S3+S5)*C1 2-S5*C22+2. *(-S 3+S5)*C66)*THICK* NUM
Q(2,2)=(S4*C 11+2. *S2*C 1 2+S I *C22+4.*S2*C66) *THICK*NUM
Q(2,3)=(S5*CI I +(-S5+S3)*C12-S3*C22+2.*(-S5+S3)*C66)*THICK*NUM
Q(3,3)=(S2*C1 1-2.*S2*C12+S2*C22+(S6-.S7)**2*C66)*THICK*NUM
Q(2, 1)=Q( 1,2)
Q(3,1)=Q(1,3)
Q(3,2)=Q(2,3)
A(1,1)=Q(1,1)+A(1,l)
A(1 ,2)=Q(1,2)+A(1,2)
A( 1,3)=Q( 1,3)+A( 1,3)
A(2,i)=Q(2,1)+A(2,1)
A(2,2)=Q(2,2)+A(2,2)
A (2,3)=Q(2,3)+A(2,3)
A(3,1)=Q(3,1)+A(3,1)
A(3,2)--Q(3,2)+A(3,2)
A(3,3)--Q(3,3)+A(3,3)
PRINT*,'Qi I-I ',Q(1, 1),'Q1I2= ',Q(1,2),'Q1I 3= ',Q( 1,3)

PRINT*,'Q31I=',Q(3, 1 ).'Q32= 'Q(3,2),'Q33= 'Q(3,3)
PRINT*,'A 1 1=',A(I , 1 ),'A 12= ',A(1 ,2),'A 1 3= ',A( 1,3)
PRINT* ,'A21-' ,A(2, I),'A22= ',A(2,2),'A23= ',A(2,3)
PRINT*,'A3 I-',A(3, 1),'A32= ',A(3,2),'A33= ,A(3,3)

99 CONTINUE
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DO 49 1=1,3
DO 593J=1,3
IF(A(I,J).LT.1OO.) A(I,J)=O.

59 CONTINUE
49 CONTINUE

A9=A(1, 1)
B8=2.*A( 1,3)
B=B8/A9
F8=2*A(2, 1)+A(3,3)
F=F8/A9
D8=-2.*A(2,3)
D=D8/A9
E8=A(2,2)
E=E8/A9
PRINT*,'SA4' ,' 4',B,' SA3','+',F,' SA2',&+,D,'S','+',E

C
C***ROOTS ARE FOUND USING A ROOT SOLVING PROGRAM

ALI=(1,0)
AL2=F
AL3=E
AB 1=(-AL2+(AL2**2.-4.*AL3)**.5)/2.
AB2=(-AL2-(AL2**2.-4.*AL3)**.5)/2.
551 =(AB I)**.5
SS2=(AB2)**.5
SS3=-(AB 1)**.5
SS4=-.(AB2)**.5
PRINT*,'ROOTS OF THE QUARTIC ARE ','S I =',SS l,'S2=',
ISS2,'S3= ',SS3,'S4= ',SS4

C
IF(ABS(THETA).EQ.45.AND.NUM.EQ.2) SS4=SS3

C COMPUTE AlI AND A2 OF SAVIN'S EQUATION

PRINT*,'ENTER X LOCATION'
READ*,X

C
PRINT*,'ENTER Y LOCATION'
READ*,Y

C
ALPHA=PI*ALPHA/1 80.
S N2=SIN(2*ALPIHA)
S NSQ=S IN(A LPHA)**2.
CSSQ=COS(ALPHA)**2.
z1=x+SS1*Y
Z2=X+SS4*Y
DDI=4*(SS I-SS4)*(1+(0, I )*SSl)
DD2=~4*(SS l-.SS4)/( 1 +(0, I)*SS4)
AAI-(0.,-1 )*S IGIN*((SS4*SN2+2.*CSSQ)+

1 (O.,1.)*(2.*SS4*SNSQ+.SN2))
AA2-'(O.,1. )*5 IGIN*((SSI*SN2+2.*CSSQ)>(0.,1.)

1 *(2.*SSl*SNSQ+SN2))

D2=(Z2**2.-(R**2.*( 1.+SS4**2.)))**,5
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A1=AAI/DDI
A2=AA2/DD2
PHI=AI *(( I.,0)-(ZlID 1))
PS[=A2*(( 1.,0)-(Z21D2))
SIGY=SIGIN*CSSQ+2 *((SS 1**2.)*PHI+(SS4**2-.)*PSI)
SIGX=SIGIN*SNSQ+2.*(PHI+PSJ)
TAUXY=SIGIN*SQRT(SNSQ*CSSQ)-2.*(SS I *PHI4SS4*PS I)

C
PRINT*,'SIGX NOMINAL= ',SIGX

C
PRINT*,'SIGY NOMINAL-- -,SIGY

C
PRINT*,'TAUXY NOMINAL--',TAUXY

C
SIGXX=-SIGX
SIGYY=SIGY
TAUXYY=TAUXY
PRINT*,'SIGX= ',SIGXX

C
PRINT*,'SIGY= ',sIGYY

C
PRINT*,'TAUXY=',TAUXYY
DO 29 t=1,3
DO 39 J=1,3
W(I,J)=-O.
T(I,J)=O.
Q(I,J)=-O.

39 CONTINUE
29 CONTINUE

DO 199 I=11NUM
PRINT*,'RENTER PLY ANGLES'
READ* ,THETA
TD=THETA*PI/1 80.
AM=COS (TD)
AP=SIN(TD)
Sl=AM**4
S2=AM*AM*AP*AP
S3=(AM**3)*AP
S4=AP**4
S5=(AP**3)*AM
S6=AM *AM
S7 =AP*AP
S8=AM*AP
UN=PNU*E22/ElI1
UNU=1./I(.-UN*PNU)
Ft I=IIE1I
F12=-PNU/El I
F13=0O.
F21=F12
F22=l/E22
F23=0.
F31 -0.
F32=0.
F33=1/612
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T(1,1)=(S I*F I 1+2*F12*S2+F33*S2+F22*S4)
T(1I,2)=(FI 2*(S I S4)÷(F I 1+F22-F33)*S2)
T(l,3)=((2*Fl1-2*I2 3)S-(*2-*I2P3*
T(2,2)=(S4*FI 1+2*F12*S2+F33*S2+F-22*SI)
T(2,3)=((2*FI I -2*F12-F33)*S5-(2*F22-2*FI 2-F33)*S3)
1T(3,3)=((4*FI I +4*F22-8*FI2-2*F33)*S2+F33*(S I +S4))
T(2, 1)=T(1,2)
T(3, 1 )=T( 1,3)
T(3,2)=T(2,3)

W(1,2)=T(1,1)+W(l,l)
W(1,3)=T(1,2)+W(1,3)
W(2,3I)=T(2,3I)÷W(1, 1)
W(2,21)=T(2,21)+W(2,21)

W(2,3)=T(2 ,3)+W(2,3)
W(3,1)=T(3,I)+W(3,1)
W(3,2)=T(3,2)+W(3,2)
W(3,3)=T(3,3)+W(3 ,3)

PRINT*,'T-21=' ,T(2, 1 ),'T22= ',T(2,2),'T2-3= ',Tý 2,3)
PRINT* , T31I=' ,T(3, 1),'T32= ',T(3,2),T33= ',T(3,3)

PRINT* ,'W21=' ,W(2,1),'W22= ,W(2,2),'W23= ',W(2,3)
PRINT*,'W3 I1-',W(Ii,l),'W32= ',W(3,2),'W33= ',W(3,3)

199 CONTINUE
EPX=W(1 ,1I)*SIGXX+W( 1,2)*SIGYY+W( 1,3)*TAUiXYY
EPY=W(2, 1)*SIGXX+W(2,2)*SIGYY+W(2,3)*TAUXYY
GAMXY=W(3,1 )*SIGXX+W(3,2)*SIGYY+W(3,3)*TAUXYY
PRINT*,'EPSILONX FOR PLY= ',EPX
PRINT*,t EPSILONY FOR PLY= ',EPY
PRINT*,'GAMMAXY FOR PLY= ',GAMXY
PRINT*,'ENTER THE ANGLE OF THE PLY YOU ARE INTERSTED IN.'
READ* ,ETA
ZA=ETA*PI/1 80.
AR=COS(ZA)
AS=SIN(ZA)
R1I=AR**4
R2=AR*AR*AS*AS
R3=(AR**3)*AS
R4=AS**4
R5=(AS **3)*AR
R6=AR*AR
R7=AS*AS
R8=AR*AS
UN=PNU*E22/E1 I
UNU=l./(!.-UN*PNU)
Dl 1=E1 l*UNU
D12=E22*PNU*UNU
D22=E22*U NU
D66=G 12
D16=0.
D26=0.
D61 1=0.
D)62=0.
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D21=D12
Q( 1,1 )=(R 1*D 11+2.*R2*D I2+R4*D22+4.*R2*D66)
Q(I ,2)=(R2*DI I +(R1 ±R4)*Dl2-4-R2*D22-4,*R2*D66)
Q(1 ,3)=(R3*Dl 1I+(-R3+R5)*D12-R5*D22+2.*(-R3+R5)*D66)
Q(2,2)=~(R4*D I 1±2.*R2*D 12+R1 *D22+4. *R2*D66)
Q(2,3)=(R5*DI 1+(-R5+R3)*D12-R3*D22+2.*(-R5+R3)*D66)
Q(3,3)=(R2*D I11-2.*R2*D 12+R2*D22+((R6-R7)**2)*D66)

Q(3,2)=Q(2,3)
PRINT*,'QLI 1=,Q(I, 1),'Q I2= ',Q(I ,2),QI1 3= ý,Q(1,3)

PRINT*,'Q3 1=',Q(3, 1),'Q32= ',Q(3,2),'Q33= ',Q(3,3)
SIG MAX=(Q(, 1,)*EPX)+(Q(1I,2)*EPY)+(Q(1,3)*GAMXY)
SIG MAY=(Q(2, I )*EPX)+(Q(2,2)*EPY)+(Q(2,3)*GAMX Y)
TAUUXY=(Q(3,I) *EPX)+(Q(3,2)*EPY)+(Q(3,3)*GAMXY)

C
PRINT*,'SIGXe NOMINAL FOR PY'SIGMAX*THICK*NUM

C
PRINT*,'SIGY NOMINAL FOR PLY= ,SIGMAY*THICK*NUM

C
PRINT*,'TAUXY NOMINAL FOR PLY=',TAUUXY*THICK*NUM

C
END
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Appendix C

In order to ensure that these results can be reproducible, the stress strain data for

each specimen is included in this appendix. This data is not the actual data, since some of

these data files were in excess of 500 data points. Instead, the data have been thinned out

so that it is a representative sample of the data that was included. This thinning process

was accomplished in such a manner that all the physical features of the curve were kept

intact and that all slope changes and discontinuities were present. The original data files

aie available from the author who can be contacted at his permanent address listed in the

Vita.
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Appendix D: Thesis Test Plan

When the author first started this effort he was unable to locate any information concerning

how to write a Test Plan for the experiemental portion of the thesis. It is his hope the plan

presented here can act as a sample for any research being conducted in the future.

STUDY OF GRAPHITE PEEK WITH CONCENTRIC HOLES UNDER COMPRESSION.

1. PROGRAM INFORMATION

a. Organization WL/FIBCA

b. Project Number 24010366

c. Project Title "An Investigation of Graphite PEEK with

Concentric Holes Under Compression"

d. Security Classification Unclassified

e. Project Engineer Capt Benjamin Wham II

f. Project Advisor Dr. Anthony Palazotto

g. Project Sponsor Dr. R.S. Sandhu

h. Instrumentation Engineer Designated by FIBT

i. USAF Fabrication Engineer Designated by Comp. Facility
j. Test Location Structures Test Facility,

Bldg. 65, Area B, WPAFB

2. PROJECT OBJECTIVES
The objectives of this program are to correlate the analytical and the experinnental responses

of Graphite Polyetheretherketone (PEEK) with a central hole under compression loading.

3. TECHNICAL DESCRIPTIONS
The following paragraphs provide technical details to fabricate specimens required to

conduct the investigation.

3.1 Materials
The specimens required for this program will be fabricated from panels of the following

material:

3.1.1 APC-2: AS4 Graphite Fibers in a Polyetheretherketone (PEEK) matrix.

3.2 Stacking Sequences of Specimens
Specimens (of sizes that will be specified in paragraph 3.4) will be cut from panels of the

material system of paragraph 3.1.1. and will conform to the following stacking sequences:
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Panel Panel

Designation Stacking Sequence Number LolfPles

A [00116 16

B I ±450 12s (SH) 8

C 100 116 16

D 1[90 0 116 16

E [ ±450 14S 16

F 10 /90°014s 16

G t 00 /±45 0 /90 0 12s (QI) 16

3.3 Panels
The panels are supplied to the fabrication engineer in the following sizes and quantities:

Panel Size Size
Designation Before Trimming After Trimming Quantity

A 16.0" x 14.0" 15.0" x 13.0" 1

B 12.0" x 8.5" 9.0" x 7.0" 1

C 22.0" x 14.0" 21.5" x 12.0" 1

D 22.0" x 14.0" 21.5" x 12.0" 1

E 22.0" x 14.0" 21.5" x 12.0" 1

F 22.0' x 14.0" 21.5" x 12.0" 1

G 22.0" x 14.0" 21.5" x 13.0" 1

3.3.1 Void Content and Thickness
The void content will not be in excess of one per cent. The thickness will be

.00525±.0003" and will be measured on each panel in accoradance with Figure 1.

3.3.2 Determination of Flaws
All untimmed panels will be subjected to C-scan to determine flaws before being cut into

specimens. The final acceptance or rejection of the panels will be made by the project engineer.

3.3.3 Resin Content
Samples will be taken at suitable locations to determine resin content, fiber volume, and
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void fraction for all the panels. These results will be compared with optical observations and
thickness per ply.

3.4 Specimens
Specimens of the following types will be cut from the panels of paragr"phs 3.2 and 3.1 .1.

a. OT 0.5 inch wide tension specimen with
standard tapered tabs (Fig. 5&2)

b. 0C 0.75 inch wide compression specimen
with square ended tabs (Fig. 5&3)

c. 90T 1.0 inch wide tension specimen with
standard tapered tabs (Fig. 5&2)

d. 90C 0.75 inch wide compression specimen
with square ended tabs (Fig. 5&3)

e. ±45T 1.0 inch wide tension specimen with
standard tapered tabs (Fig. 6&2)

f. CCT 1.5 inch wide compression specimen
with hole for Boeing device without tabs
cut from panel C (Fig. 7&4).

g. 90CT 1.5 inch wide compression specimen
with hole for Boeing device without tabs
cut from panel D. (Fig. 8&4)

h. SHCT 1.5 inch wide compression specimen
with hole for Boeing device without tabs
cut from panel E. (Fig. 9&4)

i. (0/90)CT 1.5 inch wide compression specimen
with hole for Boeing Device without tabs
cut from panel F. (Fig. 10&4)

j. QICT 1.5 inch wide compression specimen
with hole for Boeing device without tabs
cut from panel G. (Fig I l&4)

The specimens will conform to the dimensions shown in Figures 2 thru 4. These

specimens will be designated as follows:

XX - ZZ - NN

where

XX: Specimen type

ZZ: Panel designation (A, B, C, D, E, F, G)
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NN: Specimen number

3.5 Tabbing Specimens
Tabs when required for the specimens identified in paragrapl, 3.4 will be cut from fiber

glass fabric 1/16 inch thick (approximately) and bonded to the specimens using standard
procedures.

3.6 Instrumentation

The specimens will be instrumented using the appropriate gages etc. as indicated in the
following paragraphs:

a. A pair of strain gage rosettes CEA-03-125UR-350 will be bonded at the center and
opposite faces of specimens 3.4a through 3.4e. Exact location of the gage will be provided at a
later date.

a A pair of strain gage rosettes, WA-03-03OUR-120 will be bonded at the center of the
specimen and opposite faces of specimen. In addition, a far field strain gage rosette, CEA-03-
125UR-350, will be bonded at the midpoint between the hole and the end of the specimen on both
sides of 3.4f through 3.4j. Exact location of the gage will be provided at a later date.

3.7 Testing

The testing to be accomplished in this program will consist of the three phases:

(1) Test for material properties.

(2) Test for the ultimate strength.

(3) Test to 90% and 95% of ultimate load.

3.7.1 Test for Basic Properties
To determine the basic property data, specimens corresponding to 3.4a through 3.4e will

be tested under static loading.

3.7.2 Test for Ultimate Compressive Strength
To determine the ultimate compressive strength of specimens with the 0.5-inch diameter

hole all specimens will be instrumented with strain gage rosettes near the hole and with far field
strain gages and tested under compression. At least three specimens of each type will be tested.
The specimens will be placed within the Boeing Apparatus to conduct the test.

3.7.3 Test for Progression of Ply Failure Near Ultimate Strength
To determine the growth of ply failure in specimens with the 0.5-inch diameter hole,

specimens of each type will be loaded to 90% and 95% of Ultimate Compressive Strength. The
specimen will then be removed from the loading device and investigated using a scanning electron
microscope and ultransonic techniques.

3.7.4 Loading Rate and Sampling Rates
All specimens will be loaded at the crosshead speed of 0.05 inches per minute. Sampling

rate as follows:

Ply layup Sample Rate

OT 1 sample/sec
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0C 1 sample/sec

90C 2 samples/sec

90T 4 samples/sec

±45T 1 sample/sec

OCT 2 samples/sec

90CT 4 samples/sec

SHCT 2 samples/sec

0/90CT 2 samples/sec

QICTI 2 samples/sec

3.8 Scrap
The scrap will be saved and identified.

3.9 Report
The results of this study will be compared and contrasted to an analyLical study. The final

results and discussion will be incorporated into a graduate thesis for the project engineer.
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